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ABSTRACT

SONARS WITH HIGH NOISE AND CLUTTER REJECTION FOR USE WITH ADAPJYIVE
ROBOTS, by Michael Francis Guyote, Merton College. A thesis submitted
for the degree of Doctor of Philosophy in the Univergity of OxZord,
Trinity Term, 1984,

N
\\bThe goal of this thesis is to develop an ultrasonic ranging sSysStem
czpable of providing range and azimuth information on targets buried in
noigse and clutter. The information is to be usable by adaptive robots.
The two methods selected foxr research are frequency-modulated, continuous
wave (FMCW) ranging, and pseudo-random binary sequence (PRBS) ranging.

An experimental FMCW tracking system is designed, tested, and found
able to provide useful tracking information 'nder adverse noisge
conditions.) However, theoretical limits on the amount ¢f noise reduction
attaina?%g/stop further development,

\¥ﬁe regearch is then directed towards PRBS correlation systems,
which offer theoretically unlimited noise reduction. However, the basic
correlation functicn is not ideal for control purposes. Two methods are
developed which produce modified correlation functions more suitable for
control. These methocds, phase and time-shift modulation, are also used
to move the transmitted spectrum to an area more usable by the
transducers, The first experimental PRBS ranging syste» proves incapable
of providing the desired cross—correlaticn function due to transducer
bandwidth limitations and the link between bandwidth and frequency of
operation.

The second experimental PRBS ranging gystem uses double sideband
modulation and asynchronous demodulation. It cross-correlates the
recexved signal with two time-shift modulated reference signals, and is
capable of producing the desired correlator output and pacsing high-noise
tests.

The PRBS system is further modified to include target range and

azimuth tracking capabilities., Two —receiver¥ —are—usnd,—and-—the—

correlator-—outputs—drive —specifically--designed—rangerazimuth—servo
-systemes. The system proves capable of tracking selected tarcets under
conditions of high noise and clutter. an additional method of target
tracking is discussed and facto affecting system accuracy are
discussed.
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ABSTRACT

SONARS WITH HIGHE NOISE AND CLUTTER REJECTi.ON FOR USE WITH ADAPTIVS
RO30TS, by Michael Francis Guyote, Merton College. A thesis submitted
for the degree of Doctor of Philosophy in the University of Oxford,
Trinity Term, 1984,

The. goal of this thesis is to develop an ultrasonic ranging sysStem
capable of providing range and azimut! information cu targets buried in
noise and clutter., The information ie to be usable by adaptive robots.
The two methods selected for research are frequency-modulated, continuous
wave (FMCW) ranging, and pseudo-zandom binary sequence (PRBS) ranging.

An experimental FMCW tracking system is designed, tested, and found
able to provide useful tracking information under adverse noise
conditions. Howevex, theoretical limits on the amount of noise reduction
attainabie stop further development.

The research is then directed tcwards PRBS correlation systems,
which offer theoretically unlimited noise reduction. However, the basic
correlation function is not ideal for control purpomses. Two metaods are
developed which produce modified correlation functions more suitable for
control. These methcds, phase and time-shift modulation, are also used
to move the transmitted spectrum to an area more usable by the
transducers. The first experimental PRBS ranging system proves incapable
of providiﬁg the desired cross—correlation function due tc ‘“ransducer
bandwidth limitations and the link between bandwidth and freguency of
operation.

The second experimental PRBS ranging system uses doufle sideband
modulation and asynchronous demodulation. It cross—correlates the
received signal with two time—shift modulated reference signais, and is
capable of producing the desired correlator output ard passing high-noise
tests,

The PRBS system is further modified to include target range and
azimuth tracking capabilities. Two receivers are used, and the
correlator outputs drive specifically designed runge/azimuth servo
systems. The systan prowres capable of tracking selecteu targets under
conditions of higa noise and clutter. An additional method of target
tracking: is discwssed and factors afrfecting system accuracy are
discussed.
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‘CHAPTER ONE.

f . ULTRASONIC SENSORS FOR ROBOTICS :'_':_f'.
; The field of industrial robotics has grown rapidly during the past E;?
é ten wears, and along with it the requirement for robots which are able to fif
E perform increasingly complex tasks. Robots have advanced to the stage ;4%
; where, to paraphrase Nitzan, the ‘intelligence' of a robot should be E%ﬁ
classified as a variable, just as mechanical abilities [{52]. The é;:

‘intelligence’ of any robot depends upon the data which it can gather g;%

concerning 1ts surroundings and the subsequent analysis of that data. ;Ta

However, advances in this area of robot programming are hinde-ed due to: k;i

...a lack of reliable and affordable gensors, i;;

especially those already integrated into the f;f

control and programming systems of a robot... [43] A

T

Although various designs have been proposed and implemented for :gi

sight, hearing, and touch, sight has been the primary source of gﬁ

informatic soncerning the surrounds and workpieces associated with ;i

industrial z:obots [53]. Sight systems are capable of extremely fine §§

resolution and are able to provide real-time clogsed loop Control of such ;5

demanding tasks as robotic welding to accuracies of 0.5 mm [49]. S
However, robotic vision gsystems are relatively expensive. The cost of

the system mentioned above is well over 27,000 pounds. While such costs
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are indeed realistic for large production runs, they are far too high for
limited production small batch items., Thus, a need exists for lower—cost
Sensor systems which could provide similar information to that of 1light.
One possible approach 1is Uo use acoustic sensors to provide accurate

target ranging and azimuth information.

The fiel” of acoustic sensing is relativelw advanced in areas such
as medical ultrasonic imacding {14,23,65] , ultrasonic ranging and imaging
in water {32,451, non-destructive evaluation (NDE)
{11,15,16,18,36,38,50,51], and flow sgensing (4,5,13,€2,66]. BHowever,
until recently, air based ultrasonic dystems for use with robotics have
been used primarily for ranging and obstacle avoidance [40,41,48]. More
advanced acoustically based environment recognition gystems have been
developed which are capable of constructing a rough 'image® of a robot's
surroundings through processing of pulse echo signals {[30,60]. Such
systems are capable of providing ranging information with a 1% accuracy
over distances exceeding 25 feet [47,60], and 0.01% for ranges in the
area of 20 cm {17]. However, these gystems use basic pulse echo as the
ranging method which requires a high signal-to-noise ratio (SNR) for
proper operation. Specifically, the reflected signal strength must be
much greater than the background noise i1f the pulse is to be reliably

detected.

The purpogse of the research detailed in this thesis is +tc evaluate
noise resistant acoustical methods of precise location of selected
targets located in the work area of an industrial robot (taken here to
mean operating ranges of roughly 10 cm to 1 meter). The methods must be
robust enough to tolerate ei.tremely noisy environments such as those
encountered in metal, inert gas (MIG) welding, and must be able to pick

out and track a target located in a cluttered environment. The goal of
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the acoustical ranging system is t¢ reduce position uncertainty of
selected targets by acquiring and tracking these  ta.'gets within
restricted range and azimuth parameters. Differences between expected
and actual range and azimuth will be available for use by the robot

controller for further processing.

1.1 PULSE ECHO MECHNIQUES AND THEIR LIMITATIONS

Basic pulse/echo sonar rancging technique involves transmitting a
burst of acoustic energy and roting the amount of time required for the
energy to travel to the target and return. The following discussion of
basic pulse system parameters is primarilr to establish definitions which
w1ll be used for the remainder of this thesis. The basic operating
parameters of a pulse gystem are: Pulse width, zange reselution, pulse
zrepetition time, and duty cycle. Figure 1.1 illustrates scine of these

basic operating parameters.

-
P

/r\’i\?m

I RECEIVED PuLSES

v

TRANSMITTED PULSES.

Figure 1.1 Pulse Echo System Parameters

Pulse width is the time width of the transmitted pulge. The minimum
pulse width is a function of the system bandwidth and is usually taken to

be [63]:

tp = A (1.1)
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where Bp 1S the pulse system bandwidth in Hz. Range resolution, the
minimum spacing in which two targets can be differentiated, is a function
of the pulse width.

ARp = £pC

2 (1.2)

Pulse repetition time cannot, in this simple system, be shorter than the
time required for a pulse to travel to and from a target located as
maximum range.

C (1.3)

where maximum range Rn. 1iS8 the maximum range at which targets are
expected. Duty cycle 1is +the ratio of pulse width to pulse repetition

time and is defined as:

T (1.4)

The duty cycle also jindicates the ratio of peak transmitted power ¢to

average transmitted power (if the pulse is square).

The ability of a pulse system to detect incoming pulses is a
function of transmitted pulse strength, attenuation properties of the
transmission medium, target reflectivity, and noise (both intermal and
external to the ranging system). Assume a target located within the
range of an ultrasonic pulse ranging system is ‘'visible', that is, the
system reliably detects pulse echoes from the target under given
conditions. If external noise renders the formerly visible target
invisible, there are tvo possible solutions to the problem: Increase the

strength of the transmitted signal, or reduce the effects of the noise.
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The first option is limited by the peak signal handling capability of the
transducers, and also potentially limited by the maximum safe level of
ultrasound. Even though deleterious effects of airborne ultragsound have
not lreen conclusively demonstrated [1], an unlimited increase in peak
acoustic emisgsion does not seem advisable. Personal experience obtained
during this research indicates that the relatively low ouéput of the
ultrasonic transducers available was sufficient to cause tinnitis for
short periods of time if the transducers were ope.ated closer than one
metre from the ear. Therefore, the second option, that of reducing roise

effects, bears closer scrutiny.

1.2 METHODS FOR INCREASING S/R RATIOS IN PULSE SYSTEMS

Assuming that the transmitted signal strength is held constant,
there are two main methods for improving SWR in a pulse system. The
first is to use signal averaging techniques, which involves attaining
information from many pulses and averaging the results [51]. 'The second
1s the use of specially designed filter systems, termed ‘'matched filters:®
[51,63]. Since signal averaging on a basic pulge system would greatly
increase the amount of time required to obtain a wusable signal, these
gsystems usually apply methods designed to increase the amount of target
information attainable during one pulse repetition time. Such techniques
as staggered pulses, frequency coded pulses, and chirped pulses are
commonly used. The basic operating principle behind these techniques .ig
that the transmitted signal is supplied with a time code which allows the
receiving gsystem to determine the time of transmission. Such time codes
allow higher duty cycles, and raise the rate of target information

proporticnately [63].
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Matched filtrr systems pass the received signal through filter
networks whouse conplex frequency response is specifically tailored to
maximize peak signal power to average noise power. Each of these methods
is capable of providing improved SMR, and they are usable separataly, or
together. Obviously, a system which utilizes a combination of bboth
techniques 1is one which has the greatest probability of‘providing useful
ranging information under the high-noise conditions described adove. The
two systems considered for development in this thesis both provide this

combaination.

1.3 FREQUENCY MODULATED, CONTINUOUS WAVE RANGING

One method of providing time 'markers’ ‘o the transmitted signal is
to cause its instantaneous frequency +4o vary in a known manner with
respect to time. The receiver has access to the transmitted ouzput and,
as sSuch, 1is able to decode the echo signals properly. This enables the
transmitter to operate for a higher proportion of time during the pulse
repetition period, thus yielding a higher average power of both
transmitted and received siynals. An FMCW system is capable of greater
than 99% duty cycle. Although a basic FMCW system is not a matched
filter system [64], the addition of bandpass filters to the basic system
will make it perform much as a matched filter system and will allow
gignificant noise reduction. The improvement in sﬁR is & function of the
ratio of system output bandwidth to system input bandwidth, as will be
shown in Chapter Two. Purther, the system can be easily modified so that
it can track one target while excluding others. The FMCW system was the
first type to be constructed and tested in the course of this research.
It indeed offers gxes potential for noise reduction, and the
modifications discussed in Chapters Two and Three yield a highly noise

immune tracking system. However, the method by which the system applies
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time codes tc the transmitted 3ignal has a weakness in that it does not
provide a valid ranging s8ignal for the entire ramping time. This
characteristic limits the ultimate noise reduction capabilities. This,
and difficulties with maintaining precision forced a search for systems

which were less limited in their noise reduction capabilities.

1.4 CORRELATION SYSTEMS

Coxrrelation systems operate by transnitting a reference signal and
comparing received 8gignals with a delayed version of the reference
signal. Skolnik [64] shows that such systems are matched filter systems,
and 23 such will provide maximum peak signal power to average noise power
ratio at the system output. If a reference signal can be found which has
an extremely long period, then a correlation system can transmit this

gignal continitously and receive echo information continuously, thus

allowing a 100% duty cycle without worrying about incorrect echo returns

from targets at long ranges. Pseudo-random bina - sequences (PRBS) are
such reference s8ignals, and are the ones which were used in the
experimental correlation systems discussed in this thesis. Correlation
systems are theoretically unlimited in their ability to enharnce SNR,
given unlimited time. Newhouse [51] shows that the final SNR attainable
in a correlation system is a function of the bandwidth of the correlation

filter.

1.5 THESIS LAYCUT

The remaining chapters of this thesis detail theory and research on
the two types of ranging systems discussed previously. Chapters Two and
Three deal with the theory and experimental version of a modified FMCW

system capable of tracking moving targets. Chapters Pour and Five cover
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the theory and first experimental version of a correlation system.
Chapters Six and Seven go into details concerning theory and design of an
advanced correlation system which was designed t© overcome difficulties
encountered with <the first experimental coryrelation system. Chapter
Eight covers additions and modifications to the advanced system which
allow it to track targets moving in both rahg® and azimuth (angle from
transducer to target). This tracking system ugeS dual receivers to
extract range and azimuth information, and driveS servo-motors to keep
the transducers at the correct range and orientztion with respect to the
target. Chaptexr Nine 1lists factors which influence +he advanced
correlation system accuracy, (termed secondary e¢ffects). In addition, it
details anuther correlation system modification which will allow target

tracking using stationary transducers.

1.6 SUMMARY

The object of this thesis is to describe apQq discuss an ultrasonic
ranging and tracking system which would operate in the range of 10 cm to
1 meter and be capable of providing reliable tyatking information under

conditions of high noise and clutter.

The approach is to explore two ranging systems which offer potential
improvements in noise immunity over conventiong} pulse—echo systems. The
first experimental approach uses frequency modulated, continuous wave
transmission which achieves enhanced noise imyunity by filtering coupled
with increased duty cycle. The second experimental approach, and the one
which proves most successful, uses crogs-correlation systems which usge
pseudo-random binary sequences as the referenCe Signal. The correlation
systems allow 100% duty cycle and are capable of using extremely narrow

bandwidth filters.
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CHAPTER TWO

FREQUIINCY MODULATED CONTINUOUS WAVE RANGING SYSTEMS

Frequency modulated, continuous-wave transmission (FMCW) is one
method of attaining a high transmission duty cycle. In an FMCW system
the high duty cycle, and hence high average power, is achieved through
almost continuous transmigsion of a 'frequency marked signal. The
transmitted signal is frequency marked by changing its instantaneous
frequency in a predetermined manner. The received signal is compared
with the transmitted frequency, usually by a multiplication process, and
the difference frequencies can be extracted through filtering. 1In a
properly designed system, this difference frequency exists for a much
larger percentage of time than dJoes a single pulse from a pulse-echo
system. Thus, the theoretical detection performance of an FMCW sgystem
should be much higher than that of a simple pulse-echo system. These
theoretical advantages were recognized during the mid-forties ([63], and
test radars using FMCW methods were constructed {3]. From that time
until the early 1980°'s, FMCW's main use seemed to be radar altimeters
{7,68]. Bowever, the availability of fast digital frequency analysis has
made FMCW systems much more versatile. A sgstate—-of-the—-art FMCW radar
tracking system is presently incorperated in the Tornade F2 NATO

interceptor which utilizes a Marconi AI.24 FMCW system [20].
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FMCW based sonar systems were explored in the late fifties by Kay
(31,32}, He concluded that, given identical bandwidths and peak
transmitter power, an FMCW system offers potential advantages over pulse
systems due to the fact that the average transmitted power would be much
higher, thus yielding improved detection performance, Kay went on to
design and patent an FMCW ranging system for use by the blind [33,34],
and development of FMCW ranging systems is still an active field {20,24].
Aside from the work done by Kay and his associates, no further research
seems to have been done in air-based FMCW systems. An interesting note
18 that there is evidence to indi.ate that bats use a form of FMCW for

portions of their in-flight obstacle avoidance (58].

No attempts seem to have been made to use FMCW ranging in robotic
applications. It would seem that the requirement for single target
tracking in a noisy, cluttered envirofment would be an ideal application

for this type of system.

2.1 FMCW BASIC OPERATION

A block diagram of a basic FMCW system i1s shown in figure 2.1. The
ramp generator provides a linear ramping voltage which drives the voltage
controlled transmitting oscillator. The transmitting oscillator operates
in the freque cy range «; to 5 which is usually limited by the operating
range of the transducers. The frequency arriving from a target is
multiplied with the transmitted frequency, and the difference frequency

is extracted through multiplicaticn and low-pass filtering.

Figure 2,2 illustrates the transmitted, received, and difference
signals for one target. In this diagram, the transmitted signal is shown
starting at one frequency and terminating at a higher frequency. There

18 no particular reason for ramping upward in this manner, and the
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TRANSMITTER r
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4 TARGET

%
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FiguRE 2.4 FMCW 9YSTEM BLOCK DIAGRAM
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FigUrRg 2.2, FMCW SYSTEM TRANSMITIED, RECENVED AND DIFFERENCE SIGNALS

.
.

Rt IO
) P
e “l.' o

.,..,_.‘.'._...,._,
- 1 LN} . 1 et I3
S| i:'.'_.'j.'_..'_.'

s 4 LW
A AR N AR
e Y T S e
| R I A

R

1

PR
S
AR AR

L
AT
A R A

sy,
. 1

R L
P R L
,‘,"..../l.l“.g

$F

!

PR R e e )
F Y
Te v 00l

D A A
i s P
. LU b

’
« e

T T AR L PR o NI N -
| ML RIS RTAS S I A ‘.-f "31

Eal R L R
IR IS IR S I

\

| A




Page 2-4

diagram could just as easily have shown an downward ramp. However, there
are potential advantages to an upward ramp in that the Doppler shift due
to target motion produces a difference signal indicating the future
position of the target, rather than the past position, which we get waith
a downward ramp. In figure 2.2, the target information is shown to last
for a sizable portion of the ramping period. Note, however, that there
are periods in which the difference frequency is not a correct indicatox
of target range. This is the phenomenon which limits the duty cycle of
the actual ranging information. Methods for dealing with invalid

frequenies are discussed in greater depth in a fcllowing section.

2.2 THEORY OF OPERATION

Agssume the transmitted frequency is a sinusoid starting at frequency
W, rad/s and ending at w; rad/s with a ramping rate of kX rad/sec . 2t

time t, the instantaneous transmitted signal can be expressed as:

A cosft(wo-!-kt)dt = Pycos (wat +_%.ki;‘) (2.1)

A signal returning from a single target located at range r will require a

travel time of:
te = 2r (2.2)

The signal present at the receiver at time t is:

Fe(t) = Ag cos {Uo+_\'§.(t—te)2(t-te) (2.3)
J
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and the transmitted signal is:
Fr=As cos‘{wo+\g;}{; (2.4)
2

The multiplier output is:

M) = Achg g cos (Rusot. ~rte+ kit~ ktte+_zlc_t2)+cos(uote+ kite -.lé.‘ci) i (2.5)
2 /
Sum TERM, (A) DAFFERENCE TERM, (8)

Equation 2.5 contains two terms, each with its own phase. The
instantaneous frequency of each of the phase terms is <the first

derivative with respect to time and is:

d_A =2(J°+2k:t "‘k-te (2.6)
dt

for the first bracketed term and

i_?}_ =‘kte (2'7 )
dt

for the second bracketed term.

The frequency represented by eq 2.6 changes with time and is not a
ugseful indicator of range, the frequency represented by eq 2.7 does not
change with time and is only a function of range, An appropriately
designed low-pass filter section will remove the frequencies represented
by eq 2.6 and present the target related information in eq 2.7 for

further analysis.
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The spectyxum produced in the transmitted signal by this frequency
modulation 1is quite difficult to evaluate theoretically. However, the
relationship between the ramping frequency and transmitting frequencies
are such that the frequency mod;lation is considered to be wide band
{61]. The width of the spectrum produced by such frequency modulation is
very nearly the same ag the system bandwidth [57,61]. Thus, the overall
transmitted signal bandwidth will be considerxred to be the same as

( B. ), the transducer bandwidth.

2.3 RAMPING RATE, MAXIMUM RANGE, AND MAXIMUM DIFFERENCE FREQUENCY

For robotics randing applications, it is assumed that +the Sagnal-
to-noise regstrictions will be the result of a noigy operating
environment. Targets of interest will lie relatively close to the
transducers (probably within one meter) and, unless extremely high
ultrasonic frequenciesS axe used, the system will not be rarnge limited due

to atmospheric attenuation of signal returns from objects at this range.

o /-\/\/\
' 1 , 7 ./ 4——TRANSMITTED SIGNAL
0 . T |, 7
39 . ’ 7 .~
g 3 .~ 2 4 Y ——
z Z ’ P /’ 7 s RETURN FROM TARGET 1
V4 . P4
zZ 3 1 1 /'/ [ o’
< 9 4 - ’ " 7/ K4
* /

g’ & / i /'/ / P /s / ’ d z'/‘_-—g'm"“"‘ FRom TARGET 2.
" A , L 7 “ 7 L

()]

H~ He
f A INVALID DIFFERENCE
FREQUENCIES,

y o R, [ OV [ B A AR
z % Lw«uo TARGET 2.
g 5 VL R R 1 B DIFFERENCE FREQUENCY
it ¢ VALIO TRRGET {
a ¢ I I R e A B DIFFGRENCE FREQUENCY

[£-) L l > TIME

t e
tez

FIGURE 2.3 FMCW Ranginhg System
a) Transmit/receive signals (multiple targets)

b) bDifference frequencies
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In order to establish a relationship between maximum usable range
( Rmax ) and ramping rate (k), consider figure 2.3. The system ramps from
Wo to W in g seconds. Two targets, located at ranges % and Y ,
produce ret:rns which are delayed by times te, and tex. During the first
ramp, target 1 produces a valid difference frequency lasting for a period
( Th-te). Target 2 produces a valid difference frequency lasting ( T.-tez).
When the ramp restarts at Ly, the difference frequencies change. These
new frequencies are incorrect in that they are not representative of the
true range, and they must be discarded. Since subsequent signal
processing stages cannot differentiate between the valid and invalid

frequencies, another method of eliminating them must be considered.

If the ramping rate is adjusted so that echoes from a target located
at maximum range begin not later than half the ramping peried (Tr/p ),
then valid difference frequencies will be equal to or less than half the
system bandwidth, and invalid difference frequencies will be greater.
The two sets of frequencies can be separated by appropriate design of the
low—pass filter which follows the multiplier. valid difference
frequencies will last. for almost the entire ramping time for targets at
close range, and a minimum of one~half the ramping time for targets at

maximum rande,

The system can also be modified so that the transmitted signal is
ramped through the system frequency range in the maximum reflection time,
transmission terminated, an® the ramping continued for an equal amount of
time, with the ramp output still provided to the multiplier. This would
Produce difference frequencies which woulé last for a period equal to one
half the ramping period no matter what the target range. This type of
FMCW system is the typg used by Xay in his experimental work [32].

However, this effectively produces a 50% dQuty cycle for all target

. R T T .
IR L e e

L

[N T A L




Page 2~8

returns, no matter what the range.

One method of overcoming this prob'em is to provide more than one
reference signal for the multiplier input, and link the reference signals
in a predetermined manner. This could, in theory, provide a conégnuous
return from targets in the allowed ranhge. Gough et al. {24] have
successfully demonstrated an FMCW gystem uSing +this technique. Their
experaimental system has no 'blind time' at all; that is, targgt
information is available all of the time, However, the difference
frequencies will contain abrupt phase diScontinuities which will. occur
whenever the reference oscillator changes. These abrupt phase
discontinuities could adversely affect the +tuned f£ilter output.
Therefore, subsequent analyzis of FMCW gsystems in this chapter will
assume a ramping period of +twice the amount of time required for a
transmitted signal to travel to a target located at maximum range.

However, it is realized that theoretical performance could be improved

somewhat by using more complex demodulativn technigues.

Summarizing the conclusions reached in this section:

1. For a cdntinuously transmitting FM system, the ramping rate will
be such that the ramping time is at least double the time
required for an echo to arrive from an object located at maximum
range. This eliminates incorrect difference frequencies.

2. Time of valid difference frequencies will vary from a maximum of
almost the entire ramping time for targets at zZero range to a

minimum of one-half the ramping time for targets located at

maximum range.
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3. The largest fredquency attainable from a target at maximum range
is half of the frequency range of transmission; ie, half of the

transducer bandwidth.

These relationships are shown in equations 2.8 through 2.11}.

Tr =LRma = _By (2.8)
C .

k. =CBpm (2.9)
L R may

T <Tu<Tw - (2.10)

R

Wdmox = BEm (2.11)

2

2.4 RANGE RESOLUTION WITH BANDPASS FILTERS

L4

Kay (31] found that range resolution in an FMCW gystem was
independent of system bandwidth, and this constituted a possible
advantage of an FMCW system over a pulse system. However, there is a
minimum range resolution which can be attained, and related to this, a
maximum reduction in external noise that can be attained. The following
theoretical development is different than that taken by Kay; however,

the reasoning used offers a useful alternative approach.

Multiple targets will produce multiple frequency returns, and if a
linear system is assumed, each frequency will be a function of target
listance. Bandpass filters are the usual method of differentiating
froguencies and the .range resolution of the system will be governed by

the bandwidth of these filters. Theoretically, N filters of equal
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bandwidth covering the frequency range from dc tO0 Wdwme Should allow a

resolution of Rp../N. What is the minimum bandwidth attainable given the

constraints of a limited respcnge time? e 2

.’l'
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As a first estimate, let the range of frequencies expected from tae

Ty o
s
o »
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the low-pass output lie between 0 and WymwHz. Range differentiation is :‘j
accomplished by dividing this frequency range into N parts, each bandpass {-'
filter having a bandwidth of wWym/N. Por a l-zero, 2-pole bandpass ;:{
filter, the relationship between resonant frequency and operating :f
bandwidth is termed Q, or quality factor, and is expressed as: -
Q& =wr W = FILTER RESONANT FRESUENCY _ka
Be Bp = FITER  BANDWIOTH (2.12) L,;
The limit to the number of filters, and hence xrange resolution, that ;;
could be wused to differentiate a given frequency range would at seem to %f
be limited only by the Q attainable. This would indeed be the case if ES
the difference signals could be made to last indefinitely. However, the ;;
b
system bandwidth, coupled with ramp rate and maximum target range place ??
limits on the amount of time that a valid echo signal is received. ga
2
As shown in the previous Section, a system which transmits the b
waveform as shown in figure 2,2 will produce difference frequencies from gi
each target which last for a minimum time of half the ramping period. Eé
Thus, the filter must respond to this signal within this time if a target :;
within the filter's range annulus is to be detected. The filter response ;ﬁ
time must then be determined.
N
&
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2.5 RANGE PILTER RESPONSE TIME

Assume a second order bandpass filter for each range section. The
filter response time to a sinusoid can be found by use of Laplace
transforms. Consider a second oxder bandpasa filter with resonant

frequency 5 which has as its input a sinusoid at frequency us Starting

at time t=0.

X(s) > Fs) > Y(8)

FIGURE 2.4 Bandpass filter time response analysis

The system transfer function is:

Y = X@ Fo (2.13)

The system input is a sinusiod starting at time=0. In 8 notation this

is:

Xo = _Wr (2.14)
3"+(J,—‘
and the filter transfer function is:

Fo  =(%)s (2.15)
5+ (‘J'/Q-) S+sp?

The filter output is then:
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Y(e) = Wr - g “. "/LQ‘)'QW- g (2.16)
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- Following some manipulation, the inverse ULaplace <transform yields the

time response:

Yo = snwrt- gs_;’ffi sin [(1-Vl~a')u,t] (2.17)
(1 - Yuaz)2

1f a Q greater than five is assumed, this ca.. be further reduced to:

’
28
L

’

o \GCLE
e e
. £ AR N

[y

Yo = sinet gie-‘iz’at—g . ass (2.18)
>
. The response time for this filter to rise to roughly 63% of its
gr._ﬁ', final output is:
- % =28 (2.19)

From eq 2.12:

QL = YA (2.20)

The filter response time then becomes:

% = % (2.21)
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From eqg 2.21, it can be seen that the £filter response time is a

function of its bandwidth. If a worst case response time of one-half the
ramping time is assymed, eq 2.21 can be combined with eq 2.8 and 2.10 to
yvield the minimum bandwidth attainable in the described system.
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Thus: _'.._j"‘

T ETRTT
:

(2.23)

The range resolution of the gystem can be related to the fregquency

resolution by:

VY

AR;N = B¢ (2.24)
Rmox (»Jdmmt

Using eq 2.11 and eq 2.23, v. find that:

f.A0 L
1

on e

DR = 2C (2.25) =
‘Bgm .

where Bp, is in rad/s. It gshould be noted that if the advanced system

described earlier were to be used here, an extremely narrow-band filter i{#
would not respond properly o a continuous seguence of target returns due E;;
-

to the fact that these returns would not be phase coherent with each ;ﬂé
other. Range resolution is thus a function of maximum difference g:?
frequency, which is Jlimited by system bandwidth. It will be shown in ?Z;
section 2.8 that the reduction in noise is also proportional to the ;;ﬁ
minimum filter bandwidth attainatle. 'f;
2.6 RANGE RESOLUTION WITR DISCRETE SIGNAL PROCESSING ’ E;f
K

Frequency analysis of t.e target signals may also be performed E;E
digitally. Development3 in the field of dedicated processors make ;é:

f‘ l’

rpgrm -

possible systems which would have the capability of providing indications

".-
y fo e
PR

PP

af0lale,

'

of all ranges without requiring many analogue filter networks. Although

}
..’l

systems which would give a real-time indication of range through discrete

Je .
18 s
a8 e [y

frequency analysis are dquite expensive, this type of processing is
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presently utilized in a new FMCW based radar system ([20]. Although
present—day prices for fast digital processing networks are too high to
be considered for low-cost sonar systems, it is interesting to note the
resolution attainable by frequency analysis techniques. Assume that the
largest frequency which exists at the multiplier output is Wimex, (eq
2.11). If this signal is to be successfully sampled, the sample
frequency must be at least twice the highest frequency present [69]. The

sampling period is:

Ts =2r = _m_ (2.26)
2Wmax Wk max

where Wimix 18 in rad/s. The number of samples in any time T will then
be:

Ns =TR. = wdn\m‘-rr (2-27)

Ts 0

If the diacrete Pourier transform (DFT) 138 used to calculate the
spectrum, the number of discrete frequencies (real and imaginary)
available from the calculation will be equal to the number of sanmples.
If these components are placed into the more common amplitude/phase

format, the number is halved, and the total becomes:

Ns =lJdmax Tr (2.28)
2w

The frequency divisions, will be:

DF =2 Wymax = Wdmax 2% = 2r (2.29)
Ng Cldmax Tr Tr

And range resolution is:
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AR“"“(dlscrm) = AF = 2T =2t . 2 =T¢ (2.30)
Wamax Tr Wymax 4Rmax B;m Bm

which is approximately equal to that obtainable from analogue filtering.
However, digital procesging could allow the magnitudes to be calculated
which would eliminate the phase problems asgsociated with the continuous

return system.

However, there are additional considerations such as 'windowing' the
sampled function, and the frequency blurring which occurs due to the
difference bhetween actual frequencies present and the frequencies
represented by discrete transform [69]. These will reduce the resolution

somewhat.

2.7 TARGET TRACKING

Although multiple targets can be identified using multiple bandpass
filters, or by analyzing digital output, tracking a single target in a
cluttered environment 3iS more difficult and would require complex
processing of all filter outputs (either digital or analogue). If the
bandpass filter approach is used, a single filter's resonant f£frequency
could be changed so that it would track a specific target. However, all
tracking techniques would require a 'hill ¢limb*' technique to ascertain
in which direction the frequency was changing. Such techniques would be

complex and difficult to implement.

The approach which will be discussed in +this section involves
modifying the FMCW system in the following manner. Design one bandpass
filter which has a resonant frequency us and servo control the ramping
rate such that a target of the expected range produces this difference
frequency. When target range changes, a measure is made of the

difference frequency deviation from bandpass filter center frequency, and
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the ramping rate adjusted so as to drive the difference frequency back to
Wr . This approach has been used in the design of radar altimeters
{7,68]. As here, the design goal was to reduce noise effects in the
system by reducing the system bandwidth. The filter also excludes

clutter, i.e., other targets not being tracked.

RAMP VOLTAGE R
Conr: ! 71

GENERATR SscrmR k|

Y

\ TRANSMITTER

FREQ. BAND
o
ComPn FILTER

LEF MIXER.

RECEWER

FIGURE 2.5 FMCW Tracking System

A block diagram of the tracking FMCW gystem is shown in figure 2.5.
The frequency analysis stage which follows the multiplier stage has been
replaced by a frequency comparator containing the bandpass filter s
described. The output of the frequency comparator stage is a voltage
which is proportional +o the deviation between the filter center
frequency and the incoming difference frequency. This voltage is used to
drive a control unit which causes the ramping generator to adjust to the
correct ramping rate. The overall system is now a frequency-locked

system and can be described by the appropriate equations.
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This modified system no longer produces ranging information as a
function of filter output, and range must be extracted from either the
ramping control voltage or from a count of the tranamitter output. The

ramping rate is a function of the control voltage:

K o Ve (2.31)

In the constant frequency system, range is inversely proportional to

ramping rate.

r = W4e (2.32)
2k

Since range is inversely proportional to ramping rate, it is
therefore also inversely proportional to —ontrol voltage. Although range
can be calculated by evaluation of eq 3.32, there is an alternate method
of obtaining range. The number of cveles produced at the VCO output

during onhe ramping operation are:

Tr
Ny =f(w°+kt)al.t = u;r,‘q-_)é_-r&z (2.33)
2 21
Since
T = Bem i k=W,
k 2r (2.34)
then

Ny =_x e Bam { 20 + Bpm (2.35)
e Wat .
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and sinve W, , Wd , B, and c are constants (for the purpose of this
analysis) the number of counts per ramp is directly proportional to

range.

2.8 IMPROVEMENT IN NOISE PERFORMANCE

In an PMCW system, the amount of noise reduction afforded by the
addition of bandpass filters is proportional to the ratio of filtexr
bandwidth over transducer bandwidth. Thus, for an FMCW system with input
bandwidth B;, and output bandwidth B;, the r.m.d4. noise is reduced by a

factor of:
/3; = Be ) (2.36)

if input noise of constant spectral density is assumed. The output SKNR

18:

SNRa, =3NR,, - % (2.37)

Therefore, the ultimate system SNR is a function of the wadth of the
final bandpasa filter. Since this filter bandwidth is limited by the
system bandwidth, the ultimate system SNR is alse limited. This is

potentially a limiéing factor with the use of FMCW systens.

2.9 CONCLUSIONS

Given a ranging system of determined bandwidth, an FMCW ranging
algorithm can be implemented which will yield theoretically identical
results with a pulse system with respect to range resolution. However,

the gystem bandwidth reduction which can be obtained in an PMCW system
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through filtering allows an improvement on S/N ratio which is directly
proportional to the ratio of filter bandwidth to system bandwidth. The
maximum amount of bandwidth reduction rossible is limited due to the fact
that accurate target information may only exist for a given time, which
sets a limit on the minimum filter bandwidth. Either digital or analogque
methods may be used for extracting target information. Digital
processing, while offering potential advantages, would be much slower
than analogue processing in providing target tracking information. This,
of course, assumes the use of domestic or industrial digital systems, not

high~-speed advanced systems such as those used in military hardware,

Single target tracking with enhanced noise immunity can be obtained
by servo-controlling the ramping rate so as to keep the target difference
frequency within the range of a narrow-bandpass filter. The system has
limits on the amount of noise reduction which can be obtained, but does
offer promigse of usefulness in areas whexe the input SNR is such that a
pulse system would be greatly degraded. Chapter Three coptaing details
of the construction, testing, and evaluation of a Tracking FMCW system

and contrasts the performance with that of a basic FMCW system.
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CHAPTER THREE

A TRACKING FREQUENCY MODULATION CONTINUOUS WAVE RANGING SYSTEM

Chapter Two concluded tﬁat while usable amounts of improvement in
S/N ratios could be achieved by FMCW techniques, the range resolution and
overall S/N ratio were still limited by the fraguency resolution possible
with a signal available for only a brief period of less than one
frequency sweep. However, the amount of S/N improvement which could be
gained seemed to indicate that an actual tracking FMCW system should be
constructed and tested under high- noise conditions. The tracking FMCW
system described below is modeled on the block diagram shown in figure
2.4, 1t 1s designed to track targets located at ranges of from 10 to 25

cm.

The basic system operation is as follows. The ramping generator
causes the transmitter VCO to produce the frequency sweep described in
Chapter Two. The echo gignals are multiplied by the transmitter input
waveform and the difference frequencies are extracted. These difference
frequencies are compared with a reference frequency, with only the
difference frequency close to the reference frequency having any real
effect. Any deviation between these two frequencies is used to <change
the ramping rate in a manner that drives the difference frequency towards
the reference frequency. In this experimental system, the reference

frequency is 5 kHz.
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Chapter 3 is divided into two sections: Section I deals with
general details of the electronics used in constructing the tracking
system. Section II deals with the testing of the completed system,
Testing consists of ranging tests to verify proper system operation, and
high-noise tests in which the system's immunity to external noise is
evaluated. The high-noise tests are accomplished by attaching the
transducers to a welding robot and recording the range output during

welding.

SECTION I - FMCW TRACKING SYSTEM, CIRCUIT DETAILS

The tracking FMCW system block diagram is shcwn in figure 3.1. It
consists of a ramping generator, VCO, transmitter, transmitting/receiving
transducers, receiving amplifiers, frequency changer (multiplier),
bandpass filter/frequency comparator, low-pass filter, and proportional

plus integral control.
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FIGURE 3.1 FMCW Tracking System
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Appendix A contains the schematic diagrams of the system as
described below. AZ contains the VCO, transmitter, high-voltage dc bias
supply, receiving preamplifier, and multiplier sections. A3 contains the
frequency comparison circuits. A4 contains the proportional plus integral
controller and the ramping circuits. AS contains the counter/display

circuits.

3.1 VCO AND TRANSMITTER

An XR-2207 integrated circuit serves as the VCO. The output
frequency is controlled by the current through one of four timing pins
any one of which is user selectable through the use of two binary keying
inputs. As configured in appendix A, the frequency output is determined
by the current flowing from control pin 6. This current is varied by the
control voltage provided from the ramping generator. A control voltage
of zero volts causes a VCO output of approximately 87 kHz; four volts

causes approximately 45 kHz. VCO output is centered on 4.5 volts.

The transmitting stage consists of two trangsistors and is a
conventional complimentary symmetry design with approximately unity gain.
The step—up transformer at the transmitting stage output increases the
voltage of the signal to be transmitted by a factor of approximately

fourteen for use by the transmitting transducers.

3.2 TRANSMITTING/RECEIVING TRANSDUCERS/HIGH-VOLTAGE POWER SUPPIY

The transmitting/receiving transducers used in the PMCW system are
electrostatic types designed by L. Kay and previously manufactured by
Ultra Electronics, LTD, of London. The units used in this thesis are
fabricated at the Oxford Department of Engineering Science and shall be

referred to as Oxford transducers throughout the remainder of this
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DANMER ! YRt

thesis, The general construction of the transducer is shown in figure

3.2. The transducer diaphram is a plastic film (trade name: Melinex)

g with a metallized c¢oating on the outer side. The metal backing plate,
3 together with the metallized diaphram, form the two surfaces across which
E the sagnal is applied. The basic design features a grooved backing
. plate, with grooves of 0.51 mm spacing. The rings on the backing plate

raise the transducer operating frequency by creating vibration nodes at

each point in which the backing plate contacts the diaphram, thus

reducing the effective diaphram width tc that of the groove spacing.

o o SHIELDED CASING

DIAPHRAGM

AR GAP
STATIONARY ELECTRODE

—

T TR

L4
s

SIGNAL 7 é

INPUT pi#s

/METAL FILM oN FRONT OF
DIAPHRAGM

r ﬂr
. e ! P Y

o ey
PR T

CONDUCTOR,
LNSULATOR..

FIGURE 3.2 Oxford Electrostatic Transducer
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Electrostatic transducers, with the exception of electret types,
require a constant dc bias for proper operation. The following analysis
applies for the transducer when used as a transmitter. ‘he force exerted
on a transducer diaphram of area A (if fringing effects are neglected) is
(37.,46]:

V3 VOLTAGE BETWEEN TRANSDUCER PLATE S METAL FiLM
A
F = V€A €; DIALECTRIC CONSTANT
—a .
2d d; ELECTRODE SPAQING. (3.1)
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where v 1s the voltage between the transducer plate and the metal £ilm,

€ is the dialectric constant, and 4 is the electrode spacing. The force
1S proportional to the square of the input voltage. An ac input 8ignal
produces a forcing function which is a rectified version of the input.
This effect 1s compensated by adding a high-voltage dc bias (V,) to the

input signal.

. F- = k(\)b +V5)z > k = EA
2d (3.2)
F (=4 Vbz +2.V\.,V5 +V52 (3'3)

If V,» Vs, the dominant time-varying term in equation 3.3 is 2V, V;, and
the output waveform does not suffer from rectification as before. 1In the
receiving mode, a constant charge is maintained between the backing plate
and the diaphragm. BAny force changes incident on the diaphragmproduce
displacements which are translated into potential changes at the

transducer output because displacement changes the capacitance.

The Oxford transducers produce reasonable transmit/receive waveforms
when driven by 60Vpp signals (maximum) and biased at 220 volts.
Laboratory tests showed that exceeding either 1limit caused increased
distortion. All tests using electrostatic transducers follow these
operating limits, Frequency response tests on all transducers utilized

in this thesis are located in Appendix E.

The biasing voltage is provided by the power supply shown in
Appendix A. The supply congists of a 555 timer wired as a 100kHz
oscillator with approximately 50% duty cycle. The oscillator contrels
the <transist-x which' switches current through the step—up transformer.

The transformer output is rectified, filtered, and sent to the
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g electrostatic transducers.
5 3.3 RECEIVER/AMPLIFIER
: The receiving amplifier is divided into two sections: One section

is located in the transducer module, and serves as one-half of a cascode
gain stage. The other section is located on the main component board and
serves as the other half of the gain stage followed by a voltage
follower. The cascode circuit allows the transistor in the transducer
module to ‘'see' a low-impedance load, which reduces the effects of both
cable and collector-to-base capacitance, increasing the high-frequency

response. Circuit gain is approximately 140 at ultrasonic frequencies.

3.4 FREQUENCY CHANGING (MIXING)

X The frequency-changing is done by the MC 1496 balanced multiplier
5 ic. The multiplier has provisions for balanced inputs for both input
E signals, and balanced outputs for the product. The multiplication is
3 accomplished by allowing one input to control the current sources of a
differential amplifier (the other input), thus causing the gain to vary
E as a function of the current source control voltage. The balanced output

L' is converted to unbalanced form via one section of the 324 quad op—amp.

The signal available at the op-amp output consists of the sum and
difference frequency terms as listed in equation 2.5. This signal is

+hen passed to the frequency comparison section.

3.5 FREQUENCY COMPARISON

The frequency comparison section takes advantage of the fact that a
bandpass filter outpu£ has zero phase shift at its center frequency, and

lags or leads the input as the input frequency coes higher or lower than
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the filter's center frequency. The method of producing a dc error signal
from an input frequency is shown in figure 3.3. The mixer output is sent
to a bandpass filter which has its center frequency the desired
difference frequency. The mixer output is also sent +through a phase
shifter which shifts the phase of the difference frequency by %0 degrees.
The difference frequency used in this system was 5 kHz and the <£filter

bandwidth was 1 kHz.

z ™

w e '
BANDPASS AUTOMATIC
SKHZ GAIN ?
DIFFERENCE CONTROL {bHZ
SIGNAL l
Il ™~
L~ L~

FIGURE 3.3 Frequency Comparison Section

Both signals are then passed through automatic gain control(AGC)
stages in oxder to limit the magnitude of inputs to the analog
multiplier. Following multiplication, the signal is low-pass filtered so
as to leave only a term which will be a function of the difference
between the filter center frequency and difference frequency. Equations
3.4, 3.5, 3.6, and 3.7 represent bandpass, phase shift, multiplier, and
low-pass filter ouctputs, The filter output consists of a dc +erm which
represents the difference in frequency between the incoming signal and

the filter center frequency.

‘F;S't) = ACos(ult-r'oc) ’ (3.4)
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where o« is the frequency dependent phase shift mentioned earlier.

fs(t) = Boos (Wt +0°) (3.5)
M) = _F.\iﬁ gcos (2unt + = +90°) +C.os<o<—qo°)} (3.6)
£t = % cos (e - %0°) = %&sma (3.7)

Two automatiC dajn control stages have been inserted between the
filter and phase shift outputs and the multiplier input. This was
required due to the fact that the MC 1496 multiplier places tight
constraints on the input amplitude of the signal. The gain control
stages insure that the input signal meets these requirements. fThe MC
1496 multiplier ig uged for the analogue multiplication, and is followed
by a current to voltage converter stage which also provides an unbalanced
output. The low-pa8s filter has a -3dB point located at approximately 16

Hz. The filter outPut is sent to the controller input.

3.6 RAMPING RATE CONTROLLER

The ramping ragte controller consists of input buffer stage to
1solate the previous passive filter followed by an inverter stage wired
as shown on page a4, The transfer function of the inverter stage
consists of a term which is directly proportional to the present value of
the input signal, and a term whic? is proportional to the wvalue of the
integral of past input values. Equation 3.8 is the controller transfer
function. The coﬁpOnent values chosen for the controller stage were not
chosen to maximize controller gain or to provide optimum integrator time
constantg, they were chosen to provide a workable first attempt at system

control. The cCoptroller output is scaled and offset by the following
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stage. The positive/negative voltages output from the controller stage

are converted into negative voltages for use by the ramping generator.

_\_/2_ = —gsﬁkl"‘i =—{_R.L +_i___.
Vi Sc Rz R, SCR, (3.8)
PROPORTIONAL LNTE.QRAL.
TERM TERM

3.7 RAMP GENERATOR

The ramp generator consists of three 324 stages: integrator,
comparator, and inverter. The integrating stage accepts the controller
input and produces a positive voltage ramp until its output voltage
exceeds the reference voltage of the comparator stage (approximately 4
volts). When this voltage is exceeded, a transistor discharges the
integrating capacitor, +the comparator is reset, and the integrating
process begins again. The output of the integrating stage is also sent
to the.VCo input to provide the VCO ramping control voltage. Ramp output

ranges from O to approximately 4.2 volts,

3.8 RANGE READOUT

As shown in Chapter Two the control voltage varies inversely with
range and cannot be directly used as a measure of range. Direct range
measurements require an actual count of the transmitter cycles during one
ramp cycle. During ranging operation, the ramping is continuous, and the
countexr outputs would change too rapidly to be seen. Also, the ramp
frequency varies from approximately 89 to 222 Hz for targets located in
the range from 100-250 cm, requiring an interface to cause only every
100th ramp to be counted. The interface/controlling circuitry performs
the following functions: counts the transitions of the comparator

section of the ramping generator and marks each one- hundred counts,
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holds the counter input active during the hundredth count ramp, and
latches final count to the output display when the count is complete.
This method of range readout is obviously a compromise. A more accurate

system would count over many ramping periods and average the results.

SECTION II - FMCW TRACKING SYSTEM RANGING TESTS

K3

3.9 FMCW TRACKING SYSTEM TESTS ~ LOW NOISE

The FMCW system was rande tested using a 19.5 mm disc as target and
noting both control voltage and counter output as a function of target
distance. Table 3.1 lists ramp control voltage vs xange system test
result, and Figure 3.4 shows +the results in graph format. The ramp

control voltage follows the inverge range relationship shown in eq 2.32.

RANGE RAMP CONTROL
(cm) VOLTAGE
80 -3.69
90 -3.29
100 -3.04
110 -2.78
120 -2.55
130 -2.37
140 -2.23
150 -2.07
160 -1.95
170 -1.84
180 -1.73
130 -1.65
200 -1.58
210 -1.50
220 -1.44
230 -1.39

Table 3.1 -~ FMCW Tracking System, Ramp Control Voltage vs Range
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RANGE

va,

120
{ -WAY DISTANCE {mm); TRANSDUCER / TARGET
FMCW. TRACKING SYSTEM, RAMP CONMROL VOLTAGE
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g Theoxetical count values were obtained by substituting system parameters S
. @
into equation 2.35. The relationship obtained for the aumber of counts -
(C) as a function of range r (in cm) is: AN
.
N = 32.3r (3.9) -
where B, =240.65 krad/s, Wa= 31.42 krad/sec, and W =571.14 krad/s. ‘The e
e
L. -
experimental system uses a negative ramp. That is, W, > W, . Therefore, s
the sign of the Bgaw term in equation 2.35 is negative for this system. S:;
. ; ‘..
Theoretical and actual test values are contained in Table 3.2. The {Q!
agreement between theoretical and actual count ranged from within 1% for 3-;
the 10-15 cm range to 7% for the 25 cm rande. wWhile these figures k?f
S
indicate that the system is operating correctly, they contain far too &?g
much error to bz used as an accurate measuring system. The counter ﬂtj
o
output varied ¥ 3 counts while performing ranging on & stationary target. ﬁfﬁ
8
This variation could be reduced by attention to the ramping generator, TQQ
VCo, and loop characteristics. As the circuit is designed, the ramping o
generator 18 not immune to small variations in the power supply, thus };
" e
introducing ramp nonlinearities as a function of power supply voltage. ?:E
Also, the VCO operates asynchronously from the ramping circuit, éf{
introducing another source of count variation. Finally, the loop gain g:i
-4
chosen for the test system was done in a very informal manner. Closer S
attention to all stage gain parameters would allow a higher loop gain. .2
In addition, the frequency comparator stage was an obvious first attempt, T
K

and its design could be improved So as to provide a more linear operation e
at the center of the filter bandpass. However, the system operation was

judged sufficient to allow thé‘prototype system to be tested for noise
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effects.

RANGE COUNT COUNT
{cm) (theoretical) (measured)
7.5 242 255
10.0 323 327
12.5 404 400
15.0 485 479
17.5 565 555
20.0 646 627
22.5 727 693
25.0 808 762
27.5 888 856

Table 3.2 - FMCW Tracking System, XMTR Count vs Range

3.10 FMCW TRACKING SYSTEM TEST - HIGH NOISE

The FMCW system was installed on an ASEA IRB-6 industrial robot and
adjusted to measure distance to a flat-plate target which was to be MIG
(metal, inert—gas) welded. The control voltage output was used as a
range indicator for this test, as the goal of the test was an evaluation
of the noise-immune properties of the system. The transducer module was
attached to the welding torch as shown in figure 3.5, and the robot was
programmed to move the torch in the route shown in figure 3.6. The
ramping rate control voltage was used to determine noise immunity. The
ramping rate contrel signal was attached to the y-axis of the chart

recorder and the control voltage was recorded as a function of time.

A typical test result is shown in figure 3.7. The first portion of
the output shows a 'dry run' in which the robot/transducer agssembly was
moved over the targets, but the current to the welding torch was nct

activated. In the second portion of the graph welding current is applied,
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the metal pieces were welded, and the ramping control voltage was
recorded as before. The welding Inteference detected on the second
portion of figure 3.7 is noticible, with approximately 300mv peaks on
sheet one, and occasional §00-1000 mv peaks on sheet two. Contrast this
performance with figure 3.8, which is the range output of a conventional
FMCW system used in a similar test. The conventional FMCW system used a
fixed ramping rate, and obtained range values by converting a
zero—crossing count of the difference f£frequency into a voltage
proportional to range. When welding is started, ranging information is
coqpletely destroyed by the noise. The ranging information provided by
the tracking system, while degraded, is still useful, though not accurate

enough to provide more than very low-tolerance ranging information.

3.11 CONCLUSIONS

The results of the low-noise and high—-noige tests indicate that an
FMCW tracking system is potentially superior to conventional FMCW systems
when both are used in high noise environments. Although comparable noise
reduction could be obtained in a conventional FMCW systems through narrow
bandpass filters, many filters would be required to track a target which
changes range. 1In addition, tracking would involve complex circuitry in
addition to the many filters required. The FMCW tracking system contains
only one bandpass filter, and target tracking is an integral part of its

design.

The ultimate bandpass limitations mentioned in Chapter Two played an
important part in the decision to halt development of the FMCW Tracking
System, and explore alternate methods of noise-immune ranging, However,

the present system performance and accuracy could be improved by
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attention to the following details:

Linear Ramping rate: Non-linearities in the <ramp produce
additional frequency modulation, and affect ramping time. The
present ramping generator is guceptible to  power supply
fluctuations, and also to noise in the ramp control voltage.
Redesigned frequency comparator section with attention given to
producing a linear output function for frequencies close to the
center frequency.

Adjusting loop gain so that it is at a value which is closer to
optimum. The present system was a first attempt at establishing
workable loop gains. Also, adjusting the integrator time
constant to provide more cptimum control characteristics.
Lowering the cutoff frequency of the low-pass filter following
the - frequency comparison stage. 'The present cutoff of 16 Hz was

much higher than needed.
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RANDOM SIGNAL CORRELATION
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Random signal correlation offers potential advantages over pulse and

FMCW systems discussed in previous chapters. The advantages lie in the

~ox
F

2 LR N
i SPAPAVL PR

’
PR

fact that the random nature of the transmitted signals allows 100% duty

cycle to be attained, while the correlation of the received signal with

delayed versions of the transmitted Signal allows the system to operate

»

as a matched filter system; that i3, it will maximize the ratio between Zi
peak signal power and r.m.S. noiSe Power. Both of these features will o
r

1

allow system SNR to be much higher than for a simple pulse—~echo system. b
Further, there is no theoretical 1limit to the improvement in SNR ;ﬁ
available at the output of the integrator, provided one is prepared to N
E:{

wait long enough, and also if the target is stationary. &
g@b . =

WAVE FORM J . o
GENERATOR, . -

r

“TRANSMITTER .

TARGET -

glt=7%) 37

LT | T ] Pl

ra r‘ 3

RECEFVER

CORRELATOR -
ourPur ;

Ryg(7) = f3(k-74) gft-72) dt

FIGURE 4.1 Random Signal Correlation system '
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4,1 BASIC CORRELATION SYSTEM OPERATION

The basic random signal correlation system is shown in figure ¢.1.
In this system, a random signal is transmitted and reflected from the
target. The reflected signal is received and multiplied by a delayed
version of the transmitted signal. The multiplier output is then summed
bv the integrator. The integrator will produce a maximum output whea the
system delay is equal to the target delay. The expression for the cross

correlation of two signals is:

;
Reg (70, 7%) = [5 (6-m) g (27 ke (2.1)
-T
ox.
Reg (12) =Q+Js(t')3(t'-’2’)dt’ 3 E=t-%, me=n-% (4.2)
-T

For purposes of this analysis, all amplitudes have been normalized to
one. However, in a real system, received amplitudes will obhviously be a
function of transmitted signal amplitude, rarge and target reflectivity.
Since the integrator output would theoretically rise without limit when
presented with a continuous signal and a target at the correct range, the
integrator can be approximated by a low-pass filter which will give a
‘short-time* average of the multiplier output. This filtered output can

be expressed as:
Rgg (t, 72) =£ g(e-7*) g (£-70- 7% )Wl (4.3)

where h(?>*) is the low-pass filter impulse response.

Wil SRR

e x -
LA S

| St N S Y A

-

b r'aud PRI

o 1y v ogref,

ok - TR




4,2 GENEPATION OF LONG PERIOD SIGNALS WITH SUITABLE CORRELATION

FUNCTIONS

A correlation system requires a reference signal which has a
precisely definable correlation function, yet which has a period long
enough that the correlation function does not repeat itgself so often that
it cannot Le used for ranging. One type of reference signal fulfilling

these requirements is pseudo-random binary sequences.

It is possible to configure digital shift registers so that they
produce signals which will act somewhat like random noise for purposes of
cross—correlation. Such digitally generated sequences are most often
referred to as Pseudo-Random Binary Sequences (PRBS). They are also
called linear recursive, and binary shift sequences [64]. The simplest
method of generating a PRBS 1is to use a binary shift register which
utilizes modulo-2 addition (no carry) of selected cells with th2 sum
being fed back into the shift input in the manner shown in figure 4.2.
The register is pre-loaded with a number other than all zeroes and then

18 clocked at the desired rate.

A binary register of length m has the capability of holding 2"
different states, or values, within the register before any particular
combination is repeated. If the values in a binary shift register are
combined in a certain way and the resulting value fed back into the
register input, it is possible to cause the shift register to attain a
tLumber of states which is one less than the maximum number of states.

This number is called the maxlength [27] and it is equal to:

M=2"-1 (4.4)
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The reason that the maxlength differs from the maximum number of states
18 due to the nature of the feedback system chosen. Note from figure 4.2
that the all-zero state could never change once entered. A proper choice
of feedback taps will allow a shift register to attain all possible
states excépt for the all zero state before repeating. Horowitz [27]
contains a short 1listing of feedback connections which will produce
maxlength sequences from shift registers. PRBS sequences have an
auto-correlation function shown in figure 4.3. This correlation function
18 true only for contiuuous transmigsion of the random signals. If
transmission is truncated, the correlation function develops sidelobes
which are called ‘self noise' [19]. There are special pseudo-random
codes which do not display self-noise when transmitted in bursts. Aamong
these are Barker Codes [63] and Golay Codes ([42]. Since the system
described in this thesis transmits continuously, the problem of

self-noise will not be considered.

4.3 SPECTRA OF DIGITALLY GENERATED NOISE

The correlation function shown in figure 4.3 is valid only if the
signals which are transmitted and received are not changed in any way by
the ranging system. If the transmitted signal is ﬁot to be degraded
seriously, the system bandwidth must be equal to or greater than the
sagnal bandwidth. Therefore, the power spactra of PRBS noise must be

investigated.

Since the auto-correlation function is the Pourier transform of the
power spectral density {70}, the PRBS spectrum can be evaluated from
figure 4.3. It can also be directly evaluated from the PRBS sequence by

taking the Fourier transform of the sequence, Although, strictly
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speaking, a periodic function is described by a Pourier Series, the
random binary sequence can be hypothesized to be non pericdic and of
arbitrary length 2T, with bit length b, This hypothesis allows the

Fourier transform description of the sequence:

- T .
F(j'w)ﬁ—? f t)e *tdt = an (t)e ** dt (4.5)

where vz is a normalizing factor to make amplitude independent of length.
Since f(t) consists of 27T/b discrete periods where the amplitude is

+A, equation 4.5 can be altered to the following:

| o L, +92 ¢
F(s‘w)w’ﬁ-g_ _y —Q'“ew dt (4.6)

where A;=+A as appropriate, and t;=bit centre.

o .
Fljuw)= EZbﬁleWt“; an e (4.7)
=T Wof2

Since the value of A is random, the bracketed term can be written

Ty .
32 Racﬂw{\z = '\/ﬂ_. f\eJ(U)
=T b (4.8)

where the root term is the expected amplitude of 2T/b terms of amplitude

as:

#A and random phase where ¢ (w) is a random phase function. Equation 4.7

becomes:

Y.
2 b

Flw) =A‘\/_2ib_eJ¢(W) sn Y5 _ A1b ngw} Sin Y% (4.9)
2T -

Since f£(t) is in fact periodic, the actual ‘spectrum will consist of
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discrete frequencies spaced at integer sub-intervals of the register
clock frequency £. as shown in equation 4.10 [27].

Fy = & N=1,2,3... (4.10)

N
M

The power spectrum is P3*(ju) and the envelope of the discrete spectrum is

[l NG et o KRS A S T AR

shown in figure 4.4.

Pl Ak e
[ ‘-{W

4 7 e

T

Hak

Note that the half-power point is located at approximately 45% of
the clock frequency, and that the main portion of the signal enexrgy lies
within the first zero crossing of the power spectrum, which is located at
the clock frequency. Thus, a system of bandwidth equal to or greater

than « will pass the PRBS pulses with essentially no distortion.

4.4 METHODS FOR ALTERING THE CORRELATION FUNCTION

While a ranging system having the correlation function shown in
figure 4.3 would allow range to be calculated, additional time and
complexity is required in order to resolve the ambiguity caused by the
fact that a given cross- correlation value may be produced by one of two
delay values, as is shown in figure 4.5. In order to resolve this
ambiguity, the ranging system would be required to change the relative
delay time in some manner and note the results. This could be time

consuming.
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AMPLITTUDE

POINT A. CORRELATION FUNCTION FOR ERROR. OF = J&°
FOINT B CORRELATION FUNCTION FoR ERROR OF + Vg -

PIGURE 4.5 Ambiguities in the Autc-Correlation Punction

If cross—correlation is to be used for control purposes, a more
desirable function would be that shown in figure 4.6. With this modified
function, a positive range error will produce a correlation output of one
polarity, and a negative range error will produce a correlation output of
the opposite polarity. This modified function is an 'odd' function, that
is: £(=M=-£(1). Like this, it could be used as a direct input to the
corrective circuitry. 1In order to achieve this modified correlation
function, either the transmitted or the delayed comparison signal must be

changed in some manner.
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FIGURE 4.6 Desired Cross—Correlation Furnction

One method of determiring the form of signal modification needed to
produce a cross-correlation function such as that of figure.4.6 is to
examine the cross—spectral density of the correlation function. Let f(t)
and g(t) be two signals which are to be cross—coxrelated. As before,
these signals wili be random, not necessarily identical, and of
arbitrarily long period 2T. The signals then each have PFourier

transforms which we will define in a slightly inconventional way as:

FGa) = [ £ )oniot (4.11)

3 QZ;'J; flt)eiwt Jt

G(jw)s_LfT(t) -iot gy (4.12)
3

The (+2T) term is added as a normalizing factor and will become clzar in
the following text. The time functions f(t) and g(t) can be expressed as

the inverse Fourier transform of their respective frequency functions:
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Fit) = V2T [ Fluye “¥de (4.13)

2 o
:(\3) =£L[G(Jw)eiwt w (4.14)

R Yoo

Referring to equation 4.2:

T
’R{g(r'? :_éi_,/ ‘F(t) 3 ('t-?u)dt (4.15)
T -T .

™ a .
223?/3&) g—é’[—?—f Flwe ’“""'”olwf dt (4.16)
~T { -t

Rearranging the integration order of eq 4.16, we find:

o T
Kis ) 25.%?[ Flae™” E%:I‘f S(t)e""tdtz do A7)
- -7

=§% /_“ FGw) G(—jw)e'wrdw (4.18)

This is an expression for the cross spectral density of the two

functions. Since the correlation function Ry () is real,

Reg™ = Req (4.19)

where * denotes the complex conjugate. We can then say:

r‘FGJW) G(JW)er”dw (4.20)

Reg(®) = Ry () =4 )

Thus, the cross—correlation function Rg (%) is the inverse Fourier
transformation of the product of the two cpectral densities (or the cross
spectral density) of the two random functions, Conversely, the cross

spectral density function must be the PFourier transfor. of the
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crogss~correlation function.

St (iw)

n

‘[w Reg ()7 g (4.21)

where

Stg (ju) F-ow) G (jw) (8.22)

"

The desired shape of Ry (#+) is odd, as in figure 4.5, Re-writing

eq 4.21 in sinusoidal form:

Sy (1w) =f R (7) {Cos w7~ sin w?"'? o7 (4.23)

If Ry (9#) is odd, the cos(w) term drops out, and the equation may be

reduced to:

0
S (w) = 2;];@ (7) shw?d 7 = Fhw) G(jw). (4.24)
o
the
Equation 4.24 gives a method for determining, required cross—spectral

density function knowing the general shape of the required
cross-correlation function. Since Sgg (jw) is imaginary for all w, the
two functions F(iw) and G(jw) must be ninety degrees out of phase with each
other throughout the frequency domain. In other words, an odd
cross-correlation function will be obtained if the two signals to be

cross~correlated have the following frequency relationship:

Arﬁ Fw)y = ArgGliw) = £90° (4.25)

k4
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Given one waveform, there are many ways of obtaining this phase shift in O

a related waveform. Among them are:

1. Differentiate or integrate an odd number of times.

2. Hilbert transform

o 3. Phase modulation

N 4, Time shifting

s Items one and two produce ninety degree phase shifts by their very

< -
1“ nature. Items three and four can, under certain conditions, also Create %6%
the desired phase shift. The method selected must provide not only & Ii?

phase shift, but must also shift the spectrum such that the sigral to be f;?

transmitted is located in a usable portion of the transducer bandpasg . Efj

Since the cross—correlation function relies on the cross- spectral ;Ei

) density of f£(t) and g(t), there must also be large areas of overlap if ii?
significant energy is to be located within the overlap region. As was §:§

shown earlier, the basic PRBS power spectrum starts at almost 0 Bz and i i

o contains the majority of its energy in the band below clock frequency. E:i
é"é% This signal is therefore not suited for transmission in the ultragonic &:j
N

: region unless the clock frequency is made much greater than the %Ea

‘; ? j transducer operating frequency. However, if this is done, the bandwidth §£§
‘1L of the transmitted signal will be too great for undistorted transmission. ﬁ?ﬁ
i;} - The next section will examine methods for raising the PRBS spectrum to -5%
:? the ultrasonic region while simultaneously shiftihg the phase by the Elj

3 required ninety dagrees.
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4.5 METHODS OF PRBS FREQUENCY/PHASE SHIPTING

Method one, that of differentiating or integrating an odd number of
times, will produce the required phase shift. It will also change the
PRBS sgpectrum, emphasizing higher frequencies in the case of
differentiation, and lower frequencies in the case of integration.
However, the spectral changes are not sufficient for operating in the
unltrasonic range, and these methods were judged to be unsuitable for
further development. Method two, the Hilbert Transform, while providing
the required phase shift, does not shift the frequency, and is also
difficult to implement. It was also digcarded. The remaining mnethods

show some prcmise.

) i ! o} (o} t 0 BINARY VALUE

l . N . - .

o — 4 . LT ¢ PRRS outRiT (A

{ .
STULTTU LI L oy e ®

1 . .

| _L___r U—_U—]__.r —t PHASE MODULATED OuTrpuTr

(A@B)

FIGURE 4.7 PRBS Phase Modulation

Method three, phase modulation, refers to a specific form of
modulation by the PRBS signal in which each bit of the original sequence
is replaced by one complete cycle of either positive ‘or negative phase
[63]. For example, for a 'one' (or positive) output of the PRBS ghift
register, the phase-modulator output is (+1,-1), while for ‘'zero' (or

negative) PRBS output, the output would be (-1,+1). A sample of a PRBS
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and phase-modulation by a square wave of the same frequency as the PRBS
clock is shown in figure 4.7. The PRBS output is represented as digital
(0,1) values, but the phase modulator output is represented as bipolar

(+1,-1) outputs which would be sent to a transmitting transducer.

If a PRBS of amplitude +A is multiplied by the clock frequency of

amplitude B, equation 4.12 can be modified as follows:

G Z “ A t Ca gt )
(1) =__i_f [ AL BeV dt.,,j-_/—\_; Re™ dtg (4.26

V'ZT\: L -'Tb 5 {-b/A £ A

L) 2- \
1 & b j 4.27
Ry ke fz-e*“’%_e-w%} (4.27)
i==J%
Guey = BV e ™™ gind(3%) (4.28)
A

'\)ZT 3 NORMAWLIZING FACTOR.

where ¢ (w) is a random phase function as in eq 4.8. As can be seen from
equation 4.28, the phase has been shifted by ninety degrees comparéd with
the PRBS spectrum, and the phase-modulated spectrum lies around the
carxrier freduency. This does not present a problem as long as the
transducers are able to pasgs the signal bandwidth, which is now twice
that of the original PRBS bandwidth. The power gpectrum of a

phase-modulated PRBS signal is shown in figure 4.9,

Method four, time shifting modulation, makes use of the
time—~-shifting theorem of Fourier analysis. A signal shifted in time
retaing the same spectrum, but undergoes a shift in phase as shown in

equation 4.29,

? {X(t-to)} = X (yw) gk (4.29)

where 3’ denotes the Fourier transform.
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Consider a shift register ag shown in figure 4.8, having a shift
time of bit length b and with the summing amplifier connected to cells

(i) and (i-1).

FROM
PRES >
SHIFT REGISTER

DIFFERENCE

>____o MODULATION
> ourPuT

Ty DESIRED TAR

FIGURE 4.8 Time-Shift Modulation

If the zero time shift reference is considered to be halfway between

the registers, the resulting output can be expressed as follows:
glt) =f(r+5)-f(t-%) (s.30)

The frequency functiun is then:
Gw) = F(Jw)ejw%Jr Fiw) eI % (4.31)

= Fljw) 523 s'm“%_g (4.32)

As can be seen in equationh 4,32, the phase has been sghifted by
ninety degrees. Again, the gpectrum has been altered. Signals of medium
frequency are little affected, put low and high frequency signals will be
attenuated. The power speCtrum of the function defined by eq 4.32 is
shown in figure 4.9, As can bs Seenh from reference to figure 4.9 which

shows the power spectra of a PRBS signal, the phase-modulated and one
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specific time-shift modulated PRBS power spectra, these two methods do
indeed shift <the PRBS spectrum to a point where they may be usable by
appropriate ultragonic transducers. These methods will be wutilized in

the experimental cross-correlation system described in Chapter Five.

4.6 EFFECTS OF TIME-SHIFTING ON CROSS—CORRELATION FUNCTION

The cross-correlation function obtained £rom the time-shifting
method described above will be a mathematically odd function as
previocusly described. 1Its exact shape could be obtained by taking the
inverge Pourier +transform of the cross-gpectral density of the original
PRBS and the time-shifted PRBS, a difficult calculation. It could also
be obtained by direct computer calculation of the correlation function.
However, a third method will not only yield the cross—correlation
function, but also will provide an insight into methods for creating many
other crosgs-—correlation shapes, which will prove +to be of wvalue in

Chapter Six, dealing with advanced correlation systems.

Since the time-shifting system of figure 4.8 is linear, the effect
18 the same as that of adding the cross-correlation functions which would
result from each tap. When the two cross—correlation functions are
added, the final cross—correlation function is the superposition of the
individual functions, as is shown in figure 4.10. Note that other shapes
can be obtais2d by simply varying the positions of the taps, and also by
varyinc the effect of each tap (the tap weighting). Figure 4.11 shows
the calculated cross-correlation function for +two separate tap
selections. The spectra of the time-shift functions shown in figure 4.11
can be evaluated in a manner similar to that descrile” in eG 4.30 through

4.32.
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4.7 RANGE RESOLUTION, RANDOM SIGNAL CORRELATION SYSTEM

The range resolution of a random signal correlation system is a
function of +the width of the correlation function. Targets located as
distances such that the correlation functions would coincide would not be
able to be differentiated by the control system. A reasonable assumption
concerning the cross-correlation function shown in figure 4.3 would be
that a target spacing of a distance equal to that traveled by sound in
air during one bit time would be the minimum target resolution, since the
original cross—correlation function is two bits wide. This is expressed
in eq 4.33. The modified correlation function has a width of 2 bits in
the case of phase-modulation and three bits in the case of time-shift
modulation (see figure 4.10). Using the same reasoning as before, this
yvields a range resolution for a phase modulation system which is equal to
that of the unmodulated PRBS system, and a range resolution for the

time-shifted system which is larger by a factor of 1.5.

Faigure 4.9 shows that there is a tight relationship between clock
frequency , signal bandwidth, and center frequency. £f a transducer has
an extremely high centre frequency, the PRBS clock can be adjusted to
provide signals around this £requency. However, the bandwidth will
increase dramatically, and the transducers will distort the +transmitted
and received signals unless they are capable of handling this bandwidth.
This link between PRBS bandwidth, modulated signal bandwidths, and

transducer center frequencies and bandwidths will prove to be a problem

with existing systems.
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4.8 NOISE REDUCTION CAPABILITIES, RANDOM SIGNAL CORRELATION SYSTEM

Skoinik [64] shows that correlation systems are matched £ilter
systems. As such, a correlation system will maximize the ratio between
peak signal power and average noise power. Further, the nature of the
PRBS signal is such that the correlation system provides target
information continuously, as compared to the basic pulse system, which
can provide information c¢oncerning each range resolution element only
once per pulse repetition cycle [64]. Newhouse {51] has shown that the
ultimate signal-to-noise improvement capability of a correlation system

can be expressed as:

SNRE = B T (4.33)
BNRE ; SIGNAL-TO-NOISE RATIO ENHANCEMENT
Where 8, is the system input bandwidth and T is the time of integration,
or time constant of +the 1low-pass filter. ‘'Elias [15, 16], Newhouse
{50,51], Chapelon {11], and others have demonstrated signal-to-noise
ratio enhancement values of over 10,000 using these types of systems. As
such, the potentials of a correlation system seem sufficient to merit
closar consideration., It seems as if this particular method of providing
both matched filtering and 100% duty cycle will provide one of <the best
chances of achieving a usable signal from a system designed to be

operated in the presence of noise and clutter.

4.9 CONCLUSIONS

The results of this chapter can be summarized as follows.
Correlation systems offer a potentially useful method of providing high
signal-to—no! 3e ratios ailong with high duty cycles. Digital generation

of pseudo-noise is the most efficient and economical method. Such a
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noise source is stable, easily delayed, can be made arbitrarily iong (if
sufficient <hift register 1length is available), and has a readily
definable power spectrum. Cross-correlation functions of the type
desired for conérol purposes require shifting the PRBS signal by ninety
degrees and cross-correlating this modified signal with the unmodified
one, In addition, ultrasonic transducer operating frequencies require
shifting the PRBS spectrum to a position more efficiently usable by the
transducers. For transducers whose centre frequency is approximately the
game as that of the PRBS clock frequency, these considerations are met by
two methods of signal modification: phase-modulation, and time-shifting

modulation. Both of +these methods shall be implemented in the

experimental system which will be described in Chapter Five.
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CHAPTER FIVE

AN EXPERIMENTAL CROSS—-CORRELATING RANGING SYSTEM

Chapter Pour showed that random signal correlation systems are able
to increase the signal-to-noise ratio by a large amount through filtering
and a high duty cycle. Further, it demonstrated methclds of digitally
generating suitable noise-like gsignals and how to modify these signals so
that their cross-correlation functions would be of desired form, The
modifying processes were termed phase-modulation and time-shift
modulation. These methods are used in the experimental cross-correlating
gystem described below. The system utilizes the same electrostatic
transducers as did the FMCW system as well as another make of
electrostatic transducer which was oktained after the FMCW experiments
were completed. Both sets of transducers have nominal center frequencies
of 60 kHz and -3dB bandwidths of approximately 20 kHz. This chapter
describes system construction and testing, along with a modification
designed to improve transducer frequency response. The experimental

system described in this chapter will be referred to as a Type I Systen.

Systems similar to the type I system have been used extensively by
researchers in the field of non-destructive testing [15,16,38,50,51], as
well as in the field of medical ultrasonics [11,54]. Phase modulation,
in particular, has been the primary means of placing the PRBS spectrum

nearer to the transducer operating frequencies. Although these systems
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are widely used and documented, few researchers have attained
cross-correlation functions which resemble the theoretical ideal function
shown in figure 4.3, This is due to the fact that the transducer
bandwidths arxe not high enough to pass the PRBS signal without
gsignificant distortion. Thi3 chapter discusses a first attempt at an
experimental cross-correlation system which has user selectable
phase-modulation or time-shift modulation. The chapter covers general
details of circuit construction, followed by correlation tests of the
Type I sgystem, Following the tests, a method is described and
implemented which attempts to bring the transducer bandwidth more in line
with what 1is needed to pass an undistorted signal. The results of the

modified system are discussed.

The correlation tests use five pairs of Oxford transducers (as
described in Chapter 1hree) and two pairs of Pclaroid transducers. The
Polaroid transducexs are also electrostatic, and theix operating
characteristics are such that they are capable of being used in place of
the Oxford transducers without any circuit modifications. As will be
seen 1in the results section, the system performance is very much a
function of the transducers used. Since both sets of transducers varied
widely in their responses, it was felt that a realistic appraisal of
system performance should include a representative cross-section of
transducers taken from what was believed to be a typical production run.

Frequency response tests of all transducers used are shown in Appendix E.

5.1 TYPE I CROSS-CORRELATION SYSTEM~ LAYOUT AND OPERATION

The block diagram for the Type I system is shown in figure 5.1.
This system is constructed in modules consisting of “wo plug-~in circuit

boards, transmitter/receiver chassis, and transducer module. The
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P‘ schematic  diagrams for the system are contained in Appendix B.

Iii' . Photographs of the components described in this chapter are also B
ig E contained in Appendix B. ig&
o ) '-.;:i
:'I?_":' - 5.2 TYPE I SYSTEM, MASTER OSCILLATOR/DIVIDER STAGE, (BOARD 1) M!
: Figure 5.2 shows the block diagram for board 1. It consists of a fiﬁ
%_’ ; master oscillator, divider stages, PRBS generator, time-shift and phase iij
;;* | modulation circuitry, and a transmitter driver stage. The master E;ij
;i% . oscillator uses a single +transistor (2N3904) whose switching rate is Egi
fff A controlled by the 1 MHz crystal. Use of crystal control allows the high gﬁi
ii* E clock frequency 8tability necessary for ranging and tracking. The %;:
§ oscillator output is fed to the first CMOS divider stage (4522) which is
: configured to divide by three, producing a 333.33kHz output. This is in ;ij

turn divided by two by a 4027 JK flip-flop wired so as to toggle every

i‘@ , other clock pulse. This arrangement was origiﬁally used in ordex to ?%i

™ ’ provide a 333 kHz signal for an earlier cross-correlation system. The g:j
3t{ ;; system as finally developed had no need of the higher fredquency signal; ii;
however, it was left in as wired. If rebuilt, the 4522 could simply be i
wired to divide by six. The 166.67 kHz output is again divided by two, :T!

preducing an 83.33 kHz output which is used by the PRBS generator and the

g . phase modulatio.. system. The 167 kHz output is needed in order to remove

]

LU

; switching problems from the phase modulation systenm. This will be
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; b

* 3 5.3 TYPE I SYSTEM, PRBS GENERATOR, (BOARD 1) o

K

: =

' o The PRBS generator stage uses two 4015 8-bit shift registers wired

. as described in Chapter Four. The maximum length of a binary sequence :::-

‘“ ~ prcduced by a feedback register is a function of .)he shift taps selected. ;.'
j:x‘:: . Further, there are certain shift register lengths which will allow a

W -

e maximum length sequence to be generated by using only two feedback taps

7 ‘ {27]. The taps selected for the experimental system are taps 3 and p

:} 5,wnich produce a 31 bit sequence, and taps 9 and 11 which produce a 2047 _-2:

19 .

[ bit sequence. The 31 bit sequence was ideal for circuit checking on an ;

» oscilloscope due to the short repetition +time, while the 2047 bit T
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sequence was used for all correlation tests. It provides for a maximum
range of roughly 421 c¢m, which is calculated using the following

relationship:

Rmax = R04%c (5.1)

Z‘Fc

where ¢ at 20 degrees Celcius is approximately 343 m/sec {28]. Increased
range can be obtained by selecting other feedback taps. Each tap pair is
summed modulo-2 (3¥’°R) and the inverted sum outputs are switch selected
to be fed back to the shift register input., The inverting stage is
necessary to allow the system to have an all zero state from which to
starxt. The all zero state is normally excluded, since once entered can
never be left. However, the addition of the inverter stage makes the all
one state the excluded state. This revision allows the RST function on
the shift registers to return them to the all zero state, thus making

system start up and delay timing easier,.

The shift register clocking rate was 83,33 kHz, which provided a
PRBS bit rate of 83.33 kilobits/second, with a bit 1length of 12
microseconds. The PRBS power spectrum thus produced contains the
majority of its energy in the band below the clocking frequency, and has

a half-power poirt at approximately 38kHz.

5.4 TYPE 1 SYSTEM, PHASE MODULATION/TIME SHIFT MODULATION, (BOARD 1)

The phase modulation gsection consists of an EX-OR gate which has the
PRBS signal as one input and the PRBS clock as the carrier input. This
produces a signal whose phase (with respect to the c¢lock) is either
inverted or noninverﬁed, depending upon the logic value of the PRBS

signal. This system is modified to include a latch at the EX-OR output.
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P @

This modification is included in order to eliminate switching transients KA
which occur twice each clock cycle. These transientyd are due to the anf
@

difference in switching speeds between the 4015 shift registers and the T
4070 EX-OR gate. The 167 kHz sional is used to latch the EX-OR output

after 1t has stabilized. This provides a clean output signal from tue

phase modulator., As shown in Chapter Four, the phase modulator output k}
spectrum will be twice the bandwidth of the oxiginal PRBS signal, but t{

will not be symmetrical about the phase modulation frequency.

y L ,9
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FIGURE 5.3 Type I System, Time—-Shift Modulator, Board 1 ‘}lﬁ
The time shift modulation gsection consists of an LF 351 high speed ;}}
op-amp which is wired as shown in figure 5.3, The weight given to each -?7:
tap is a function of the resistance used to connect the tap with the ;EQ%
o
amplifier input. The time shift input signals are taken f£from an :}f{
. R
additional 4015 shift register, and correct choice of resistor values ol
will provide desired weights for each input, with a maximum of eight flL:
inputs allowed. In normal practice, however, only two taps are used, .f
S
with weighting values of plus/minus one. These values produce the ;f}
desired phase shift necessary for the desired cross~correlation function. i{?
The additional shift régister was not strictly necegsary, as desired time E
{ ]

delays could be obtained by tapping the PRBS generator shift registers. . e
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However, it was added so that an additional delay would be provided for

the time-shift modulation system, making comparison tests easier.

The output of either the phase or the time shift modulator is

gselected by SPDT switch and sent to the transistor driver stage, which

provides a high—current, low impedance soiv:.ce to drive the transmitter
stage, located in a separate enclosure. Two level controls are installed Zﬁif
in order to balance the prase and differ2wce modulation outputs. Tests -

of the transducers showed that both types (Polarocid and Oxford) exhibited .

reduced performance when fed by siaruls in excess of 4.4 volts (pp) at ﬁjb

TS AT R

1 the-\transmitter module input. Since the difference modulation output T
could range from +15 to -15 volts, while thz phase modulatad output went é:;

§ from O to +15 volts, the adjustments insured that the peak—to-peak value :i%:
; of the driver output remained the same when the modulation mode was Eigi
switched. The driver outputs are ac coupled to the actual transmitter g:s

input. Since the PRBS signals are continuous, this serves the purpose of EE}

making either the phase-modulated or the time-shift modulated signal seer ;isi

as if it were a bipolar signal. gi;

5.5 TYPE I ©SYSTEM, TRANSMITTER MODULE, TRANSDUCER MODULE, RECEIVER ;ig

MODULE ;fg

The transmitter section is housed, along with the power supply, in a Ei;

separate chasgis in the interest of modularity. As can be seen from the %ii

Lyl
,
N

v
PR

schematic on page B-6 it hag minor changes from the design used in the

~e -y
LR}
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v
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FMCW system. The FMCW design utilizes +triangular waves, and showed

LR, v
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15,5, &
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little distortion of the input waveform. However, the phase or
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difference modulated PRBS inputs were square waves with fast rise times.
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These signals were severely distorted by the existing transmitter design.
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op—-amp as the transistor driver stage, and negative feedback with
compensation was used to alter the stage £requency response., Thig

modification produced low distortion waveforms at the transducer input.

The transducer module used in the Type I PRBS gsystem is almost
exactly as that used in +the FMCW test system. An additional 560 ohm
resgistor has been added to the emitter c¢circuit in order to reduce the
gain to approximately forty at ultrasonic frequencies. This was required
in order ito reduce the effects of overload when high level noise signals
were gent to the analog switches used in the cross—correlation circuitry,
since overload conditions affect the correlation circuitry in a very

different manner than the did the FMCW circuitry.

The receiver module consists of only two transistors as used in the
FMCW system. One transistor is wired in the common base mode as one-half
of a cascode pair, as before. The other is configured as an emitter
follower which provides a low-impedance sSource for sending received

signals through the shielded cable to the cross—correlator circuitzry.
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FIGURE 5.4 Type I System, Delayed PRBS/ Correlator , Board 2

5.6 TYPE I SYSTEM, DELAYED PRBS (BOARD 2)

A requirement for any cross-correlating system is a delayed version
of the original (or modified origiral) signal. Methods of obtaining the
necessary delay may be either electrical,mechanical or acoustical ([51].
Since this system uses a digital reference signal, a delayed signal could
be provided simply by passing the original signal thrcugh shift registers
clocked at the bit rate. However, this method requires a number of

registers which increases linearly with the deley time required.
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gif' “ The delay method adopted for use was that used by Chapelon [11] and gi-
Elias [16] in their work with cross—correlation sysiems. The method ?ﬂé&
531 ) works as follows. Since a PRBS is uniquely determined by the feedback 3“;5
fE ., taps, it fcllows that two shift registers which have identical feedback EE?E
fi— 3 taps will produce identical signals. If one of the registers is g;ﬁg
N - : inatialized at time t0, and the other initialzed at a later time tl, the !
t;é ; output of the latter shift register will be identical to the former, but ?.
réf 3 delayed in time by an amount equal to (t1-t0). This method is able to ;;;
:i’ provide delays of arbitrary magnitude. i;~f
i? ? The delay System used on the Type I system consists of 4522 decimal _?%f
a:i divide-by-n counters which Aay be cascaded. Two 4522 counters are used %fj
;5; : in this design, and the count is switch selectable from 1 to 100. When o
;ii 3 the system reset 8ignal is logic high, the shift registers in both the
transmitter and receiver boards are set to zero. When the reset signal ::3
: ( returns to logic 1low, the +transmitter register begins to genezate fiﬁ
. s
&gi } pseudo-noise. The receiver shift registers are held in the zero state E&;é
o until enabled by a signal from the counters. If the clock frequency to ii?
. f the counters is f., and the counters have been programmed to count until Eigz
-i‘ n, the time delay between transmitter and receiver shift registers may be ;23
E;g ? calculated as: ¢mj
o
-
% The clocking frequency used for the counters is thz same as that for the EE;
i“:. } shift registers: 83.33 kHz. Thus, each count represents a time delay of ng

N . 12 microseconds. 1If the velocity of sound in air is ¢, the target range

r o
.

for correlation will be:

.

.
' lI .l

e -
oo, (RN
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EEE PN PR

2 T e
i
L SR R

. - Zg; (5.3)
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The block diagram for the delayed PRBS generator along with the

correlator is shown in figure 5.4.

5.7 TYPE I SYSTEM, CROSS—CORRELATION, (BOARD 2)

The correlation circuits are relatively simple and consist of signal
buffer/inverters, analog multiplication, and low-pass filtering. Two
signals have to be multiplied, as in the FMCW system. However, in the
case of the PRBS, one of the .signals is digital. This leads to a
simplification in the multiplier cirxcuitry. Since the digital signal can
be regarded as either a plus or minus value, the delayed PRBS cutput is
used to switch either a non—inverted or an inverted vexrsion of the
analogue signal to the filter stage. The received signal is passed
through a dc blocking capacitor and fed to a pair of LP 351 op-amps which
provide non-inverted and inverted’ signal inputs +to the 4053 triple
analogue switch. The digital control éignal causes either the inverted
or non-inverted input signal to be selected and presents it to the
low-pass filter. The 1low-pass filter is a standard Sallen-Key
second-order design [39], and has a bandpass of approximately 2 Hz, and
damping factor of approximately 0.8. As mentioned in Chapter Four, the
low-pagss filter stage is a substitute for an integrator stage and allows
for continuous reception of the transmitted signal without the consequent
unlimited rise in correlation value.‘ Narrower bandwidths are, or course,
possible. However, the speed with which the system can react to changes
in range is a function of filter bandwidth, among other things, as will

be shown in Chapter Nine.
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Page 5-13
5.8 TYPE I SYSTEM, CROSS—CORRELATION TESTS

There are three main options for obtaining the relative time delays
necessary to obtain the cross-correlation function: hold the target at a
constant range and vary the dalay time of the system delay, use discrete
signal processing techniques, or hold the system delay constant and vary
the target range. The first method involves placing a target at a given
distance, setting the system to a desired delay time, and recording the
filter output. Following this, the delay system could be set to the next
delay time increment, and the €filter output recorded. This would be
continued until cross-correlation values for all delay times of interest
were recorded. Obviously, this would be a time—-consuming technique. The
time signal can also be converted into digital format and the
cross—correlation computed using digital techniques. Bowever, digital
techniques would introduce an additional delay which might prove

unacceptable for purposes of real-time control, besides adding expense.

The third method, and the method chosen for the experiment, is to
mount the transducers on a fixed reference point, attach the target to
the movable bar which serxrves as platform for a marking pen on an X~Y
recorder, connect the correlator output to the Y axis input, and cause
the recorder to move slowly in the x directicn. This method is far
simpler to accomplish, and it does not require the additional circuitry.

The experimental set-up is shown in figqure 5.5.
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FIGURE 5.5 Type I System, Test Set-Up
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cross—correlation values for the target for all distances through which
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the recorder platform travels (x—-axis). In practice, the delay system

was set to provide an appropriate delay, the recorder internal ramping

generator was switched on, and the correlation values were recorded.

5.9 TYPE I SYSTEM, CROSS—-CORRELATION TEST RESULTS

The Type I system cross—correlation tests were carried out on the
system as described above. The relevant system parameters are contained

in Table 5.1.
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PRBS bit rate 83.33 kbit/sec

PRBS bandwidth (-3dB) ¢+ 37.5 kHz
Phase modulation frequency : 83.33 kHz
Modulated PRBS bandwidth + 75 kHz

Target 19.5 mm disc

3

Preset expected range 26.5cm

o

Cross—~correlation function width 0.816 cm (phase mod)

: 2.224 ¢n {time~shift mod)

TABLE §.1 — TiPE I SYSTEM TEST PARAMETERS

The width of the theoretical cross-correlation function is 2 bits
for the phase-modulated s8ignal and 3 bits for the time~shift modulated
signal. The PRBS clock frequency listed in the table above yields a bit
time of 12 microseconds. The correlation function widths stated in the
table are obtained by calculating the distance sound will travel in the
time of 2 (or 3) bit 1lengths. The actual target range for
crosg-correlation will be one-half the theoretical values due to the
nature of the experimental test set-up. That is, a movement of one

cent.meter of the target will produce a total range change of 2 cm.

A typical cross-—correlation run is shown in figure 5.6. These

cross—  corrrelation values were obtained for a gingle pair of
transmit/receive transducers. Both phase and time-shift modulation
correlation values are shown. As can be seen, the cross—correlation

function is not at all like the theoretical function shown in figure 4.8,
in that it is oscilliatory and has a much greater width. However, it

closely resembles figure 5.7 which illustrates typical results obtained
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by Chapelon [11], Elias [16], and Furgason [19]. Note, however, that the
Type I System transmits continuously and, as such, does not suffer from
the sidelobe problems seen in figure 5.7. In 211 cases, these results
are due to the fact that the system bandwidth is less than that of the
PRBS being fed through it. The resulting function then resembles the
system impulse response [11]. Since the PRBS signal has a bandwidth of
approximately 35 kHz, the transducers need 70 kHz bandwidths to
successfully carry bothr sidebands of the transmitted signal. Tests on
available transducers {Appendix E) show an average transducer

transmit/receive bandwidth of approximately 20 kHz.

If the Type I System is to produce the desired <ross—correlation
function,. the transducexr bandwidth must be increased, or the some method
must be developed which would break the di::ect relationship between
transducer frequency range and PRBS bandwidth. The decision was made at
this point to attempt to 1increase transducer bandwidth. It seemed
possible that altering the transducer response through equalization might
enhance the transmit/receive bandwidth sufficiently for use with the Type

I Systen.,

5.10 TRANSDUCER EQUALIZATION

Transducer frequency response tests (Appendix E) showed marked
variation in response of sSelected transmit/receive pairs. As can be seen
by reference to the two frequency response plots shown in figures 5.8 and
5.9, the tested transducer ggirs display a rising response above 20 khz,
peaking roughly at 60 kHz for figure 5.8 and 75 kHz for figure 5.9- The
response then drops off at roughly the same slope as the rise. None of
the transducers show a  usable response below 20 kHz, and only a few show

any usable response above 100 kHz. Preliminary tests utilizing a 50 kHz
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Y

2 cycle pulse for a transmitted reference sicnal showed that the s R
transmit/receive system was effectively acting as if the transducers were s:;%
producing received gignals which seemed to be higher oxder derivatives of ;&é;
the transmitted signal. Such resp;nses seemed to correspond to the :QEE
reference by Mclachlan [46] indicating that the pressure response of a i?éé
transCucer would be a function of the second derivative (or acceleration) {~¥f
of 1ts position., Arn - ,aalization network was constructed which acted as ;t]i
an inte;rator in the frequency regions of interest (above 20 kBHz). The : ?;
equalizcr was simply a single-pcle low-pass network followed by a buffer, f%i;
e

allowing multiple stages tc be cascaded. ;Q?
The equalizer circuits were inserted into the receive chain, gkﬂa
following the emitter follower output, and crogs- correlation tests were !;;;

reaccomplished. The equalizer tests were run in four stages: no
equalization, 40dR, 60 4B, and 80 dB/dzcade respectively. Pigures 5.10

and 5.11 show two correlation runs which were done with pairs of Oxford

and Polaroid Transducers, respectively. These particular examples were
chosen as representative of the best and worst results. As can be sSeen,

the particular pair of Oxford transducers used in figure 5.10 show . °

considerable improvemernt, with the tine-shift moduluxtion -

cross—correlation functicr. approaching ideal shape and width. Appendix C Ij{ﬁ
contains the complete cross—- correlation tests with and without ;N;
equalization for all transducers terted, both Oxford aud Polaroid. The e

transducer pair which showed the most improvement was that whose

w
M [}
.

I ‘ata
] .

perxformance is shown in figure 5.10. These were Oxford transducers —

e

ll ’l .l

exhibiting a rising response from approximately 40 kHz and which was

EEPA M
et
PP
ARV

)
LN

still rising at 100 kBz, the limit of the test. Obviously, this response

curve was well suited to the single slope equalization applied to them. .
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However, this pacticular response (and equalized cross-~correlation
fuhction) was unique. 'The remaindexr of the <transducer pairs had <he
peaked response curves described earlier. A moxe suitable equalization
systen for these transducers would praduce an equalizer response similar
to that shown in figure 5.12., 1Ideally, the transducer equalizer response
cuyrve would be an inverse curve of the tranamit/receive frequency
régponse curves found in Appendix E. Thiq would, in theory, produce a
flat frequency response in the area of the modulated@ PRBS, thus allowing

the system to produce the desired cross-correlation functions.
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FIGURE 5.12 AN IMPROVED TRANSDUCER EQUALIZER RESPONSE

Although the above results showed that there was much improvement to
pe gained through equalization, the decision »as made to discontinue
research into this particular area for the folluwing reasons: the
extreme variability in cransducer frequency response (even among those
produced at roughly the same time) would require individual matching of
equalization systems to transducer responses. Additionally, experience
duyring this period of research indicates that these types of transducers
also show effects of aging; that is, they exhibit changes in response

and sensitivity. This makes the job of proper equalization even more

.
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difficult. Unless transducer response and aging characteristics could be
more tightiy controlled, the equalization sydtem would need to be
modified as the “ransducers aged or whenever they were replaced.

5.11 SUMMARY

A Type I Correlation system was designed and tested using bhoth
Oxford and Polaroid transducers. Preliminary cross—correlation tests
indicated that the PRBS bandwidth was too wide for the trangsducers, thus
producing cross—-correlation functions as in figure 5.6 instead of the
ideal function shown in figure 4.6, Attempts to improve the results
through equalization were marginally successful in that certain
transducer pairs produced superior results, most did not. Although the
equalization system could have been further developed to more closely
match individual transducer responses, a decision was made to devote
efforts to methods which would allow a degree of independence between
tranaducer bandwidth, transducer center frequency, and PRBS bandwidth.
The theoretical systems which are considered are discussed in Chapter

Six.
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CHAPTER 6

CARRIER CORKELATION SYSTEMS

Chapta2rs Four and Five digcussed the theoretical and actual
performance of basic correlation systems which transmitted modulated
versions of pseudo—;oise and crogs—correlated the received 8ignal with
delayed verxrsions of the unmodulated signal. The purpose of modulation
was twofold: first, to alter the pseudo—noise spectrum so that it would
produce a desired cross-—correlaticn function; and second, to move the
transmitted spectrum to a point which would be more usabie by the
transducers. However, these gystems, called Typa I systems in this
thesis, did not demodulate the raceived signal. That is, they did not
attempt to restcze the received signal to the spectrum which it had
before transmission. The result is that, in order for the technique to
be successful, considerable spectra2l overlap must exist between the two
signals to be cross-correlated. This created a tight 1link betwee: the
bandwidth of the transmitted PRBS signal and its center freQuzncy.

Matching these variables with those of the tramnsducers proved to be a

difficult problem.

This chapter discusses a modulation/demodulation technique which
will allow the transmitting frequency range to be independent of the
pseudo-noise spectrum (with the stipulation that the modulated

pseudo-noise bandwidth be within the capabilities of the transducexs.) Of
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Page 6-2

course, the signals to be cross—correlated must still retain +the phase
relationship ~iscussed in Chapter Pour if they are to produce the desired
cross-correlation function. The modulaticn/demodulation  techniques
discussed here are separate from, and independent of, any phase shifting

techniques used for cross-correlation function modifications.

6.1 MODULATION TECHNIQUES

Given a signal of known bandwidth, there are two main methods of
moving the signal information to the area around a higher, or carrier,
frequency: amplitude modulation and angle modulation. These terms refer
to the parameters of the carrier frequency which are controlled by the
information (or input) signal. The basic equation for a general

modulated carrier is given as [70]:

Xet) = AWM cos [wit +6()) (6.1)

wherzs A(t) is the amplitude function, w: is the carrier frequency, and
6(t) is the phase function. If A(t) is caused to vary as the
information bearing signal, the modulation is termed amplitude
modulation. If H(t) is caused to vary, the modulation is texmed
frequency or more properly, angle modulation. The general term of
amplitude modulation is further sub-categorized into headings of
amplitude modulation (AM), double sideband {DsSB), and single
sideband(SsSB), these terms being a funccion oX whether or not the carrier
is transmitted along with both signal sidebands (AM), and whether or not
one (SSB) or both (DSB) sidebands of the modulated information signal are
trangmitted without a carrier. There are two main categories of angle
modulation: phase arnd fraquency modulation. These terms describe

whether or not §(t) or its derivative is varied as a function of the

Wz
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information sgignal. The goal of thie Chapter is not to fully explain
each modulation technique. It is, rather, to choose a method which would
be most likely to succeed under the conditions ~»f operation described in
Chapter One, namely, the location and tracking of specified targets under
conditions of clutter and noise. Thus, the modulation technigue chosen
will be the one which shows minimum suceptibility to degradation when

operated under the described conditions.

The mathematical analysis of the effects of noise and multiple
signals upon each of the types of modulation listed above is complex and
quite lengthy, and will not be covered in this thesis. Zeimer [70], and
Schwartz [61], contain excellent discussions of the matter. Zeimer
concludes that angle modulation techniques are capable of excellent
performance in the presense of noise, provided that the noise is kept
below a given threshold. Once noise exceeds this threshold, the system
performance decreases dramatically, with the effect that the system is no
longer usable. In addition, angle modulated systems are also very
sengitive to the effects of multipath propagation. Signals from large
targets would 'swamp' signals from small targets. That is, the signals
from the smaller targets would not be able to be detected in the presence
of these larger returns. As such, angle modulation systems must be
eliminated from consideration since the problems of noise and clutter are

precisely those which are to be overcome in this thesis.

Amplitude modulation is left as a possibly wuseful technique, but
which form would yield useful results? The first amplitude modulation
technique, AM, involves transmitting a continuous carrier wave along with
the information-bearing signal. This technique allows a reliatively
simple demodulation system, known as envelope detaction, to be used.

However, envelope detection is also suceptible to the threshold effect
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{70]. Since envelope detection is unusable, carrier componenta are not
needed, which 1leaves DSB and SSB. Both offer the same potential
performance ip the presence of noise. However, SSB uses half the
transmitted pandwidth as DSB. That is, a modulated information-bearing
signal of bandwidth BW will require 2BW if DSB is ugsed, and BW if SSB is
ugsed. Howevey, circuit ccmplexity is increased in order to generxate SSB,
as opposed to DSB. Therefore, a decision was made to wutilize DSB

modulation,

1) {(t)eos iz t
PRBS >
Y TRANSMITTER,
DELAY O
’:.’ TARGET 4
g(e-2)= f(t2)~f(x- %)
b: { Bir Time \ ‘mr.z?z.

CORRELATOR, P X )
ouTrPuT A Tl v 4 ) *‘
! }
e v OB me e em e e
CROSS - CorpesTon RECEWVER.

Af-2) cosux (L- 1)+ BE (-1 )cos -7

2of, (- 7Y cos w7 +B8F, (t-2)cos w7

%zﬁ(n’”)cmm.l" *%ng(?}'-)t)ma&&"

FIGURE 6.1 DgB Correlation System with Coherent Demodulation
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6.2 A DSB CORRELATION SYSTEM WITH COHERENT DEMODULATION

The basic set-up for a DSB modulating system is shown in figure 6.1.
In this system, the PRBS output is modulated by a carrier of frequency Lk
and transmitted., The received signals are demodulated by multiplying
them by the same carrier (hence the term coherent demodulation) and then
low—-pass filcering the multiplier output. This output is then
crosg—-correlated with a modified version of the delayed PRBS, in order to
produce the desired cross—correlation £unction. For purposes of the
following discussion, assume that two targets are within the maximum
range and that the system is continuously transmitting a modulated PRBS
signal. The transmitted, received, and demodulated signals are shown in

equations 6.2, 6.3, and 6.4, respectively.

f) = flt)cos wet (6.2)

fa(t) AL (‘c.-?’.") cos we (t =20 ) +Bfr (L-%)cos i (L-2¢)  (6.3)
folt) =%€T(t—7(") {Cos(2u¢t—wc?1")+coswc7}’§+%{‘T({:_72~) (6.4)

{cos (Rurct ~(3e 7))+ cos Uc?g’g

where A, B, 7*, and %' are the amplitudes and time delays of return
signals from two targets at different ranges. As before, the low-pass

filter removes the sum frequency terms and the filter output is:
fir T AL (£ -2 os wert + B Fir (o) eos w2t (6.5)

Note that the filter output now consists of the original PRBS sequence,
but scaled by the constant determined by the cos term. Following

multiplication by the delayed PRBS , the filtered output is:
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g f(y) =AR 7 y (69
) e(t) =4 rg(l?.’-?.‘j:osuk ¢+ BRy (7% - 75)cos we 7
- The output now consists of the correlation term (a dc value for a
:i’ " stationary target) multiplied by the cos term , also dc. Note, however,
:i f that the cos term will be zero for targets at distances such that the
R d argument attains odd multiples of pi/2, even though there might be a
f? non—-zero correlation function for targets at that distance. Thus,
E” 3 coherent demodulation as drawn in fiqure 6.1 will not operate in a
f“' p >
= satisfactory manner.
I fe) {{t)cor et
. ; MODULATIGN / DEMODULATION
X P = |
- : g
; ! N
- PRSS —r-——»-—gj LY
I ' ]
3 Y 1 ! TRANSMITTER
a 1 A } .
- ! !
L. I 0
NEY 3 1 X TRRGET 4
. : casuzt )
- v 1 cos (et ¢ :
- . 1 .
e § g(t=28)=f(k-28)- (-7 ! } o
~ - b:{ Brrrme ' ' TARGET 2.
" 9 [ \ 4 I
Y ; o3 | t
N < ! !
- L CORRELATOR ] =1 } .
- ) | 1
. e e e O I SO 4
- CROSS ~CORRELATION RECUVER
_ D8£, (6-7) cos (we e wat) + 35f, (£-74) con (7 . 01)
5;?1 : FIGURE 6.2 DSB Correlation System with Non—Coherent Demcdulation
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B ) 6.3 A DSB CORRELATION SYSTEM WITH NON-COHERENT DEMODULATION '
= One solution to this problem is to provide two versions of the E
}}' )i demodulating carrier, one lagging the other by ninety degrees. This has e
é;v 3 been done by Lam {[38] in an ultrasonic PRBS flaw-detection system, :jii
L{ However, this -method requires additional circuitry following the lii
1 1 W
f§ correlator in order to provide a correct correlation amplituda ([38]. L
;ﬁ While this approach remains a perfectly viable one, it was discarded W
_l because of the difficulties of distinguishing between positive and }f;
= [
:E} y negative position error. fii
Z::; -
g; An alternate solution to the problem of null points is to change i};ﬁ

some parameter guch that targets which are at the null points mentioned Eﬁ?
previously can be observed. One way of doing this is to use a ktx
demodulating carrier that is slightly offset in £frequency from the fﬁf
?m

-

. ) modulating carrier. Assume a system such as that shown in figure 6.2 %ﬁ?
NN d B,
:j{ : which i3 identical to figure 6.1 except for the change in demodulating gfﬂ
;'Z frequency. This changed demodulating frequency is expressed as: ggj

L

R fult) =cos(w + Q) t (6.7)

PRy ‘
. This would produce a demodulator output (after filtering) of: o
aE fir = _AZ_{T (£=2+) cos (1 7 +0) *B 4 (£-7%)cos(ue2y+ QL) (6.8) =

. RS
; rt':

: and a correlator output of: ﬂ:ﬁ

‘ j::::

5

&7

k. ‘Fc(t) =% ng\ (ﬁ'”)cos(wc”-f-ﬂt)-i-%_ Rfe (n'_?g')cog(wen'.;.at) (6.9)

The correlator output is now modulated by a cos te2rm of frequency () .
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This system, as described, will produce a correlator output if a taxget

is located within the proper distance, that is, if the correlation
function was non—-zero at that particular delay time.
of the correlator would no longer be dc; it would be a sinusoid whose
amplitude would be a function of the cross~correlation function at that

particular range. This method of demodulating with a carrier offset in
frequency allows the receiving system to readily detect target motion.
Target motion will produce changes in the sinusoid period which can be
used to determine target velocity. Such a system using non—cocherent
demodulation is used by Shiozaki [62] in a system which exploited the
Doppler resolution capabilities of the gsystem. The effects of target
motion are discussed in greater detail in Chapter Nine, dealing with

secondary effects.

Pigure 6.3 shows a typical correlator output for the system as shown

in <£figure 6.2. The correlator output is now ambiguous. There is no way
in which the sign of the correlator output can be determined from this
signal alone;

that is, a sinusoid of amplitude A may be produced by

either a positive or negative tau. This problem negates the advantage of
the altered cross-correlation function., A solution to the problem lies
in providing an appropriate reference signal of frequency .. which will

allow the relative phase of the correlator sinusoid to be determined.

ENVEIOPE (CRosa-correLATON
FUNCTION ) .

r—

FIGURE 6.3 Envelope of Sinusoidal Correlation Furction (see text)
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A first try at a solution to this probiem might be to provide a
reference 8sinusoid of tht same frequency as the correlator output, but
which would not change its phase (relative o the correlator frequency)
whenevexr the target is moved. Obviously, this signal could not be
internally generated, as the received signal would then change phase as
the target changes range. One pogssible sSolution lies in the interesting
properties of the time-shifting modulation gystem discussed in Chapter

Pour,

Section 4.5 discussed the ease with which crogs—correlation
functions could be ‘'constructed' through the appropriate caoice of tap
positions and tap weichts. Specifically, figure 4.loaillustrated the tap
connections redquired to produce the desired cross-correlation function.
However, figure 4.1la shows another cross-correlalaon function which has
the same time-width as the desired function, but does not change sign
when tau passes through zero. These two figures are shown again in
figures 6.4a ~=nd 6.4b, respectively. If the system shown in figure 6,2
is modified to add another correlator stage, and if this correlator stage
has a separate time-shift modulated signal as its input, the block
diagram would be as in figure 6.5. The two correlaéor outputs each
contain a sinusoid of frequency {), with the amplitudes following the
envelopes depicted in figure 6.4a and 6,.4b, AS can be seen, R4, changes
sign at tau=o, Ry, does not. The cross—correlation function Rye, cCan

thus sexve as the needed reference function for R This system, the

Ry,
DSB system using twin coxrelators fed by different time-shifted reference
signals, will serve as a mociel for the exXperimental DSB system described

in Chapter sSeven. Its operation 1is exglained further in the next

section.
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JANTLIAaWY

Fiqure ¢4 ¢ ass-Cocrelation Eunctions

a) ’&Fg,; Qi = topg, - tap (ie1)
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&) floconuxt
l MODULATION / DREMGODULATION. l
=== - —
[
PR&S, ' > ‘ET(} >
!
} i TRANSMITTER
DELAY |
% I C
i TARSET 4.
! COs uxet
I Cos b+ Q).
I

3‘ (t' 7: )‘ o
§(=78)~f (- 7%-b) TARGET2.

RECEIVER

AE) = P5Rpy, (%-77) couluse % +.02) + HReg, (2= 7Y) cosu 2t +.04)

CORRELATOR

CUTPUTS

B) = Rg, (%7 coslure e + Q) + HRpy, (22-7) eonlon 7y + Q1)

FIGURE 6.% DSB Dual Correlation System, Non—-Coherent Demodulation

6.4 PROVIDING AN ACCEPTABLE OUTPUT FROM THE DUAL ZTORRELATORS

The MK III system shown in figure 6.5 has as its outputs (A and B)
two sinusoids of frequency ) which are in phase (or anti~phase) at all
times, and which have amplitudes Rp (7*) and Ren (). These two signals
must be ~ombined in order to produce one single correlator output which
is a function of range. This may be done in the following manner,
Congider figure 6.6a. The inputs to the multiplier stage are A(t) and
B(t), which are the outputs of the dual cross-correlator stages mentioned
in the previous section., Assume tha': only one target having time delay

’* is within the correlation ‘window', thus making R.,( 7 ) and
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R$§$ 7: ) equal to 2zero. The expressions for the correlation outputs

for the two cross-correlators are:
Alt) =Reg, (75 - ) cos(we e rart) (6.10)
and

Bt) =TRay (74 -2) cos(werrr Q) (6.11)

where the amplitudes have been normalized to one. After filtering, the

multiplier output is:

M) = Rg, (7 - 7) Reo, (2 - 7°) (6.12)
2

While this method will work, it produces a final cross-correlation
function for each target which is the product of two individual cross-
correlation functions. This will produce enormous differeaces in
crosa-~-correlation amagnitudes for small changes in received signal
strength. A be%ter arrangement is to place a sign function block into
onz of the multiplier inputs, where a sign function block has a signal as
an inpuz, and the 8ign of the signal a8 the output. The revised
multiplier stage is shown in figure 6.6b. After filtering, the

multiplier output hecomes:

M(t) =%_ Rfs\ (2 -2 (6.13)

wnere the 2/pi term comes about as a result of the 3ign function. The
corralator outout is a functior of only one crocss-correlation function,

and is therefore much 1less sensitive +o changes in received signal
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Al) = Regy (25-7%) cos{u?v +Qt)
o
RoM

o =

4 CORRELATION roR TAQGET 4.

)

Blt) = Reg, ( 7%-7) cos(ue 70+ Q1)

(ML AMPLITUDES NORMALZED T ONE)

FIGURE ; 66. COMBINING DUAL CRoss ~CORRELATION FUNCTIONS
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strength.

6.5 CONCLUSION

Various means of modulation anrd demodulation have been considered
for use in a carrier correlation system. All types of angle modulation
metheds, along with basic amplitude modulation, were rejected due to the
suceptibility of the demodulator stages to noise when input
signal~to~noise rativ was low (the threshold effect) and also due to the
demodulator's inabilit« to c¢ope with a cluttered environment {multipath
effects). The final methad chogen was double-sideband modulation (DSB).
It was chosen over single-s:_deband mcdulation (SSB) modulation due to its
relative simplicity. Coherent demodulation of DSB signals was judged to
be unsuitable due to the fact that there were ranges at which targets
would not be detected due to phase shifts between the reference carrier
and the reflected s%gnals. Non-coherent demodulation allows t-:igets to
be detected without the effects of nulling. However, this method did not
allow the abaolute sign of the resulting correlation sinusoid to be
determined, thus negating the advantages to be gained through using the
modified crogs-correlation function. The addition of a second correlator
stage, which operates in parallel with the £irst correlator stage and
uses a different time-shifted reference function as it input, allows the

original crcss—correlation function to be restored.

This theoretical system allows the PRBS bandwidth to be set
independently of the carrier frequency, thus breaking the linkage which
caused problems in the Type I system ¢overed in Chapter FPive, An
experimeni:al system has been constructed which uses the methods discussed

in this chapter. Details of aystem ~onstruction and performance are
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in Chapter Seven.
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CHAPTER 7

AN EXPERIMENTAL CARKIER CROSS—CORRELATING RANGING SYSTEM

This chapter details the layout, construction, and testing of a
double sgideband (DSB) cross-corrclating system which was developed in
Chapter Six. The advanced system, r2ferred to as a Type II system
throughout the remainder of this thesis, generates a reference
pseudo-noise (PRBS) signal, uses it to amplitude modulate a carrier of
frequency w, , demodulates the the received signals with an asynchronous
carrier of frequency w.+ i, and cross—correlates the demodulated signals
with two modified and delayed versions of the reference PRBS. The two
cross-correlated outputs are then combinedq to foxrm a  single

cross—correlation output,

7.1 SYSTEM LAYOUT

The Type II system consists of three digital/analogue circuit
boards, separate transmitter and receiver chas2is, and a transducer
module. The transmitter and receiver chassis and the transducer modules
are unchanged from the Type I system and will not be covered in this
section., Refer to Chapter Five for information on these components. The
master oscillator/PRBS generator/modulator board contains small changes
from the Type I system. These changes are Covered in the following

gection, The divider/frequency synthegis board and the
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demodulator/correlator boards are completely changed from the Type I
system and will be examined in more detail. The block diagram for the
Type II system is shown in figure 7.1. Appendix B contaings schematic

diagrams for both the Type I and Type II systems.

7.2 TYPE II SYSTEM, MASTER OSCILLATOR/PRBS/MODULATOR, (BOARD 1)

The Type II system generator/modulator board (board 1) is the same

as that used cn the Type I gystem. However, the following modifications

were made:

1. The internal divider system is disabled, and the 1 MHzZ clock
signal 1is Xrought <to the edge connectors for use by a revised
divider system located on board 2.

2. The modulation switch is left in the Phase Modulation position,
but the phase modulation clock is taken from board 2 (clock 1).

3. The PRBS shift register clock is obtained from board 2 (clock

2).

There is no block diagram of the Type II system board 1, as the
cha iges from a Type I system to a Type II system are made through changes
in switch positions on board 1. Refer to Chapter 5, figure 5.2 for the
board layout. Figure 7,1 shows the gignals which are derived from boarad

1 and sent to board 2 for further proressing.

7.3 TYPE II SYSTEM, DIVIDER/FREQUENCY GENERATOR BOARD, (BOARD 2)

Board 2 contains all frequency synthesis circuitry, the delayed PRBS
system, and the two time-shift modulation stages. Schematics for board 2

are on page Bi. THE 1MHz signal from board 1 serves as a master clock
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signal for <the divider circuitry contained on board 2. These dividers
provide clock signals to the rest of the circuitry. Table 7.1 lists the
various clocking signals provided by board 2. The block diagram is shown

in figure 7.2.

Clocks 1,2, and r were obtained by standard divide by n techniques,
However the clock 3 and 4 sSignals require a bit more sophistication. As’
shown in Chapter S$ix, the demodulating frequency must be different from
the carrier frequency by some amount (L . The .. selected for the
experimental circuit was 15 Hz, and it was c¢btained by dividing the 1 MHz
clock by 8190, producing a frequency of 122.1 Hz. This served as the
reference frequency for a phase-locked-loop network wired as a frequency
multiplier so as +to provide an output of 250.06 kHz. This signal was
again divided in a manner so as to provide two separate 62.515 kHz
signals, one shifted from +the other by 90 degrees, These two
demodulating siggals are reguired because there are two parallel
demcdulator circuits in the demodulator/correlator board. This was a
deliberate move which was designed to provide correlation outputs which
could be viewed as a Lissajous figure on an ogcilloscope during the
preliminary development stages. This topic will be further discussed in

the section dealing with the demodulator/correlator board.

clock 1: 62,500 kHz
clock 2: 15.625 kHz
clock 3: 62,515 kEz
clock 4: 62,515 kHz (shifted 99 degrees with clock 3)

clock r: 125.0 kHz

TABLE 7.1 ~ CLOCK SIGNALS AND FREQUENCIES (Type II, board 2)
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Board 2 also contains the delayed PRBS circuits. The delayed PRBS
system works exactly as described for the Type Isystem. Upon receiving a .
reset signal, the second PRBS dgenerator is reset and held in that state
until allowed to start by a signal from the counter circuit. The delay
circuitgy was.simplified with respect to Type I board 2 in that no switch B
selectable delays were provided. One 4040 binary counter serves as the
delay counter, and delay times are selected by plugging the 4027 latch

input into the desired binary count pin. For instance, a delay of 1024

counts will be provided if the latch is plugged into the divideQby—1024

.. output pin.

! :
- The time-shift modulation circuits are also contained on board 2. -
’; One circuit generates g,(t-2) by taking the difference of two :j
: consecutive shift values of a 4015 shift register and the other circuit ™
= generates g,(t-7') by taking the sum of the same two shift valuee,

3 regarding the outputs as plus/minus one, not zero and one. The values of

i the weighting resistors around the appropriate op—amps are chosen so as i
- to provide three-valued output signals of +15, 0, and -15 volts. .
,' 7.4 TYPE II SYSTEM, DEMODULATOR/CROSS—CORRELATOR {BOARD 2) ;
2 Board 3 contains all demodulating and corrxelating circuitry. The -
i block diagram for board 3 is shown in figure 7.3, ;
2 .
DEMODULATION .
f: The demodulating circuitry uses 4053 analogue switches to select either a

3ﬁ non~inverted or inverted version of the incoming signal, the same

.- arrangement as was used in the Type I Correlator. The multipliexr output i
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is filtered by a second order low-~pass network which has a bandwidth of
twice the PRBS clocking frequency. This was a much wider bandwidth than
necessary and would of course be narrowed in further systems. Two
demodulator circuits are contained on Board 3, These demodulator
circuits are fed by the 62.515 signals: clock 3 and clock 4. The
decision was made to build the prototype sgystem with two separate
demodulating sections. The received signal would be fed to both, but the
demodulating carrier to one would lag the other by ninety degrees.
Pollowing demodulation, each signal is cross-correlated with one of the
time-shift functions. The resulting sinusoids st%ll retain the
amplitudes of their respective cross—-correlation functions, but the
sinusoidal variation in each cross-correlation function will be out of
phase Dby ninety degrees. This enables the +wo cross—correlation
functions to be viewed on the XY inputs of an oscilloscope as Lissajous
figures. Signals from targets at a range which produced a non-zero
cross—correlation function would appear as ellipses with the spot
rotating clockwise for targets beyond the preset range, counterclockwise
for signals closer than the preset range, and a vertical line for targets
precisely at the preset range. This arrangement allowed easier
troubleshooting of the demodulator/correlator circuitry during the
development stage. PFollowing successful development, a decision was made
to leave the modified system as designed, and add on a phase~shifting
stage to the final multiplier circuit. This would produce a final
correlator output ag described in cChapter Six. Of course, a system

designed anew would not need to contain this excess circuitry.
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CORRELATION

" The multiplier stages of the correlator stages differ from the Type
I sgystem in that the delayed PRBS signals gl and g2 are the outputs of
the time-shift modulator, and as such have three logic 1levels. It was
necegssary to design level shifting circuitry in order to allow this
tri-level signal to switch the binary inputs of the 4053 analogue switch,
This level shifting follows the truth table shown in table 7.2. The
output voltage levels are +7.5 volts maximum due to 1limitations on the
analogue switches. Input signals were also required to be less than +7.5

volts and larger than -7.5 volts,

gl, g2 voltage levels: +15v, ov, ~15v
(£from board 2)

Output A voltage level: Ov, ov, +7.5v
(on board 3)

Output B voltage level: +7.5v , OQv, ov

{on board 3)
TABLE 7.2 LEVEL SHIFT TRUTH TABLE

The level shift outputs drive a pair of CMOS switches configured so that
an input signal of 0 volts causes the switch output to be cénnected to
earth through 2K2 resisto.s, +/5 volts allows the non-inverted function
to be selected, and -7.5 volts allows the inverted function to be
selected. The multiplier outputs are then low-pa3s filtered by second-
oxder Sallen-key filters having a bandwidth of approximately 25Hz. At
this stage, the correlator outputs should be dc values modulating a

sinusoid at 15 Hz. However, target movement will produce changes in this

s v T T3 e e 7,
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frequency (which will be covered in further detail in Chapter Eight).
Therefore, a nominal value of 25 Hz was chosen for these filters, in
order to allow target movement towards the t:ransducers at speeds of up to

0.25 m/sec.

CORRELATOR MULTIPLICATION

The correlator multiplier uses a 4053 analogue switch, as did
previous multiplier sections. As discussed earlier in this section, a
ninety degree phase shift of one of the correlator outputs is required in
order to provide system operation as described in Chapter Six. This
phase shift was provided by a second-order low—pass filter which was
designed to have a low damping factor (approximately 1.75). This caused
the phase shift to vary slowly when the frequency was changed f£rxrom the
designed 15 Hz. However, as m_ght be imagined, this modification was not
an optimum one when targets were moving with respect to the transducers,
but the prototype system did perform in a very satisfactory manner during
dynamic tests, Following the phase shift, the signal was sent to a
comparator stage, which performed the sign function mentioned in Chapter
Six. The positive feedback resistors provided a 15 mv hysteresis, and
the series capacitor in the positive feedback loop insured a rapid
transition relatively unaffected by noige. The output of the comparator
was then wused to switch the control input of the 4053 analogue switch.
The analogue switch selects either the inverted or the non-inverted
Rﬁh(t—rﬁ and connects it to the input of the second—order filter. This
filter has a cutoff frequency of approximately 2 Hz, and it is this

filter which determines the final SNR for the system,
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7.5 CORRELATION TESTS, TYPE I1 SYSTEM

The Type II system was tested in the gsame manner as the Type 1
system; that is, placing the transducers in a fixed position, selecting
a single PaBS delay time, and varying the distance to the target while
simultanevusly recording the correlator output. The gystem test
parameters are listed in table 7.3.

PRBS Bit Rate 15.625 kbit/sec

o

PRBS bandwidth (-3dB) : 7 kHz
Carrier frequency : 62,500 kHz
Modulated PRBS bandwidth (-3dB) : 1S kHz
Demodulator frequency : 62.515 kHz

Target t 19.5 mm disc
Preset expected Range 1 32.5 cm
Cross—correlation width : 6.3 cm

TABLE 7.3 TYPE II SYSTEM TEST PARAMETERS

The theoretical cross—correlation function width is 3 bits and the
time width of each bit is 64 microseconds. Sound, at 343 metres/sec,
will travel approximately 6.59 cm during three bit times, Since the
correlation system measures round trip time, the range width is halved to
a range width of 3,3 cm for the test sget-up. Two resultd of the
experimental Type II crosg—-correlation function are shown in figure 7.4.
As can be seen, the actual correlation functions c¢losely resemble the
theoretical function. The width is approximately 3.4 cm, vs the
theoretical value of 3.3 cm. The Type II gystem experimental

crogss-correlation functions of all transducer pairs tested are shown in
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Appendix D. All transducer pairs produced cross-cocrelation functions
sufficient for purposes of control. in other words, the
crosgs—correlation functions were reasonably clicse to the theoretical
functions and would alilow appropriately desiuned positioning circuitry

(or algorithms) to reduce positional error to within system tolerances,

The Polaroid transducers exhibited an anomaly in the negative
portion of the cross—correlation function (see Appendix D). This ancmaly
cannot readily be explained, but these transducers could still be used
for control purposes as the cross—correlation function does not change

sign at the points of anomaly.

————— ———

Theoretical cross-correlatirn
function

A A T—————

Experimental cross-correlation
function (Group 1 transducers)

Experimental cross—correlation
function (Group 2 transducers)

-——* 1cml+—-

FIGURE .4 Type II System, Typical Cross—Correlation Punction
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7.6 WELDING NOISE TESTS, TYPE II SYSTEM

Due to the nature of the Type II system, the welding noise tests
were conducted with the transducers placed so that they were at a fixed
range from the target. The IRB-6 robot/welding set was then programmed

to weld at distances from 30 to .0 cm from the transducers.

The gystem was tested using two correlator boards, one with a final
bandpass of approximately 5 Hz, the other with a bandpass of
approximately‘z Hz., Both outputs were recorded simultaneously while
welding was performed. The correlator oututs had a range of plus/minus
6 voits for a range deviation of plus/minus 1.7 cm. Thus, using the 3500
mv/div scale on the chart recorder (as was done for the FMCW weld tests),
a relatively small range deviation would move the chart needle off-scale.
However, the tests were done at the same recorder sensitivity to give a
relative irdication of the amount of noise reduction obtained. The
system was adjusted so that the target (th2 welding sheet) was located at
a range which produced the mid-point of the correlation function,
providing a O volt output. Figure 7.5 shows the correlator outputs both
with and without the welding noise added. As can be gseen, the welding
had almest no influence at all on the correlator output. The actual
received signal input to the correlator boards was 0.5 vpp during periods
of no welding, and 6 vpp during periocds of welding, yielding an overall

S/N average at the correlator inputs of approximately -21.6 dB.

7.7 SUMMARY

The Type II system performance was such that it was judged to be a
success, The cross—correlation functions attained with the Oxford

transducers was extremely close to the theoretical function, while the

Jrore
[

.
. .
PR S

R R

v.,......_-
o e L,
Sl LT

.
N

25
¥

;"'."- ',
[ I
S el

.
IS A
LSS0

el

SO
s,
‘.(./l.l'l.l

. ~[u *;
PR .




Page 7-14

SHz

>

s

aa e

I

«

LS
'

o

> ¥
P

B

L]
.

A

—eSEac 4~

"o
o

. e

200mv/
div.

SYSTEM  QUTPUT
%

LW
3

FIGURE : ¥.5 TYPE TL SYSTEM - WELDING NOISE TESTS




PR BT L Ma Kot L e e i A M)

LB - o '

Page 7-15

cross-correlation functions attained with the Polaroid transducers was
acceptable, though they did show an unexplainable departure from the
theoretical ideal (see BAppendix D), This anomaly could perhaps be a
function of the carrier frequency used, and might be removed by wusing 2
lower carrier. The success of gystem cross—correlation tests indicate
that the design can be used for transducers which operate at a much

higher center frequency.

The noise tests were judged to be completely successful. Welding
noise was almost completely unnoticeable at the correlator outputs. This
indicates that the system would be capable of providing range information
even during periods of extremely poor signal-to-noise ratio. Strength of
the target return signal will obviously affect the final signal-to-noise
ratio, with small targets of low reflectivity showing more noise effects.
However, the system will be able to compensate for the decreased
signal-to-noise ratio if narrower bandwidth filters are used. This will,
of course, result in a slower 'reaction time' for the correlator. The
system performance was such that a decision was made to discontinue basic
system development and use the time remaining to developing a preliminary

tracking system. This tracking system is covered in Chapter Eight.
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CHAPTER EIGHT

TRACKING TYPE II SYSTEMS

Chapters Pour, Six, and Se;en have discussed the theory and
delelopment of a cross—correlation system which is capable of providing
range information on targets which are buried in noise and clutter.
However, the experimental system provides information concerning range
only. This chapter covers additions to the experimental system which
allow it to provide target azimuth information. Azimuth, in the context
of this thesis, means the angle of the target under consideration with
regpect to the vertical axis (which is at right angles to the transducer
plane). The modifications are incorporated into the experimental Type 11
system, and it is thus able to track selected targets. The modified
system tracks targets in range and azimuth by using the correlator
range—-error information to control servos which physically move the
transducers so that the range and azimuth error is reduced to

approximately zero,

In addition, other modifications are suggested which will enable a
system having stationary transducers to track moving targets. This

system was not constructed due to time limitations.
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Page 8-2
8.1 A METHOD FOR DETERMINING TARGET AZIMUTH

Since the Type II system digcussed in Chapters Six and Seven is
capable of providing range error signals as a function of target
deviation from an expected range, one m2thod of determining the target
azimuth from the transducer plane is to use two receiving transducers,
spaced equally on either side of the transmitting transducer. A target
at the correct distance and azimuth from the transmitter produces signals
having equal range delays for each each receiver. Any target movement
directly away from or towards the transmitter will produce equal changes
in each correlator output; however, a movement lateral to the transducer
plane will produce unequal range delays, and thus unegqual corxrelator
outputs, Such a system could be used to provide both <‘arget range and

azimuth information.

8.2 BASIC CONFIGURATION

Consider a transducer array consisting of one transmitter and two
receivers au shown 3in figure 8.1, In figue 8.1, a target located
directly over the transmitting transducer at distance y will produce a

range delay in either receiver which may be expresgssed as:

o= =%‘§3+1/5*+°\’g (5.1)

where Z: ’ 73_ are the signal travel times from transmitter to target,

and from the target to back to the approprsiate receiver.
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1Y

¢ AT (o0,y).
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(00)
T T —r %
RECEWVER § TRANSMITTRR RECEIVER 2.,

FIGURE 8.1 Ranging and Azimuth Set-Up with Two Receiving Transducers

Any target mcvement in the vertical (y) direction will produce equal
changes in 77 and %, . However, any target movement in the lateral (x)
direction produces an increase in one range delay and a decrease in the

other range delay. The actual times are calculated as follows.

7, =—é—{-\/3"+x" +'\}gz+(d+ng (8.2)

i =g S T g (8.3)

The difference in each range delay, that is, the new range delay minus

the old range delay, is calculated as:_
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'coun»:-é- gy +—\/T+ZF} @ _g_( +2_i3.z>, W aMAL. (8.4)

7o v é_ Fyzet+ 5+(d+')£)§ _Cu_gi +.2_3. 2 el (d? +Zx+x )g (8.5)
_‘3_1_324. (d‘°'+2.d-x+2.x")

O

A’i‘ Pooan Mom = % 52 M ______l(d‘+22d8>§+ ) - %z) @ cz; (OH-?S‘)“'(-;"Eg

<< ». (8.6)

The actual correlator output is a sinusoid-like function of the range

difference, and can be approximated by:

R{r) 2 Asind2 5 xd .
() smg'g'%g rog[xs\é% (8.7)

where A is the amplitude of the cross—correlation function, and P is the
period (a spatial period, not a time period). Using eq 8.7, the

difference between the two correlator outputs can be expressed as:

(8.8)
R(%)-R (%)= Alsin -2 xdi ggirx__d_} S _ L Axd
cy P cy Py

. d [

,roa]’ct_glg/z
This difference signal can be fed to a circuit which controls the azimuth
of the transducers. Any target movement in the positive or negative x
direction will produce a positive or negative control vocltage which would

indicate to the controller the direction of rotation which would reduce

the cerrelator output difference to zero.

The range error can be obtained from the sum of the correlator
outputs, Note in the example given above that a target movement in the
lateral (or x) direction will produce correlator outputs of opposite

sign. A ranging controller which has as its input the sum of the two
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o . correlator outputs will not correct for range error if a target is roved

: laterally, but would correct for error if there was any range (or y

;}f: ; component) variation in the target movement. Thus, a system which 3;:
iz% ; produces the difference of the two correlator outputs can be used as an égz
%;3 4 azimuth error system, while a system which produces the sum of the two Eg
? correlator outputs can be used as a range error system, 3
%i;, } 8.3 TYPE II SYSTEM MODIFICATIONS TO ENABLE RANGE/AZIMUTH TRACKING i;
:
é;: i In order to provide target range/azimuth information as discussed in i:
:: "3 the previous section, the experimental Type II system described in ié
s:; } chapter Seven was modified in the following manner: ii
- 1. Existing transmitting and receiving transducers were moved to a fi
redesigned module, and an additional receiving transducer, with ;;
?i& -3 its required circuitry, was added. t?
;é; ' 2. BAn additiocnal receiver cascode amplifier and voltage follower ¥
;ﬁf 3 was added to the receiving module. ;;
g 3. BAn additional correlator board was built and added to the :_:if
55&' system, The circuitry was identical to board 3. Additional :
"3 circuitry was added to provide sum (correlator 1 + correlator 2)
: and difference (correlator 1 - correlator 2) outputs. These 35

B 3 outputs are to serve as inputs to the appropriate servo B

f actuators. The schematics are shown in the hashed box on

Appendix BS.
355 . 4, The redesigned transducer module was mounted on the vertical
shaft of a small dc servo moter with 500:1 gear reduction ratio.

This motor, built many years ago by Ether Ltd., is capable of =

being driven by a 741 op-amp. The position of this shaft -

controlled the azimuth of the transducer module. -
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5. The transducer/servo assembiy was mounted on a small trolley
which was in turn connected via steel control cables to an
ac-powered serxrvo motor. The position of this motor shaft
controlled the transducer <trolly position, and hence, the
transducer range to the target.

6.. Controlling circuitry was constrcted to allow the range servo
motor to be properly driven from an op—amp output. The

controller is shown in Appendix B9.

The set-up for the prototype tracking system is shown in fiqure 8.,2.
In this experimental set—up, the system is preset to expect targets at
the desired distance, the targets are placed within the system's range
gate (approximately plug/minus 1.65 cm for the experimental system). The
tracking 3ystem then attempts to maintain a constant range and azimuth

with respect to the target.

The tracking system was tested by placing targets of various sizes
at the preselected distance (32.5 cm) and noting the system's ability to
maintain this distance along with a zero azimuth angle when the target
was mqoved, The system proved to be successful in tracking targets
varying in size from rods 1 cm in diameter to small wires 0,05 cm in
diameter. It was able to acquire and track such difficult targets as
that formed by the edges of a butt joint made by placing two 2 mm thick
sheets of aluminium together., The tracking was unaffected by external
transient noise having peak values over five times greater than the
received signal. Clutter, formed by placing larger and smaller targets
in the area around the principal target, did not affect tracking. of
course, the clutter was kept ocutside the approximately 3 cm range gate

which was a characteristic of the experimental system.
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8.4 TRACKING SYSTEM PROBLEMS

SIGNAL STRENGTH

One problem noted with the tracking tests was that the tracking gain
was a direct function of the strength of the signal received from the
target. This can be easily seen by reference to equation 6.6. The
cross—-correlation system ignores signals from all ranges outside the
'range gate' provided by the correlation function; however, the
amplitude of the correlation function for a taiget at a range within this
range gate will be a direct function of the target reflectivity. Because
of this, system gains which provided good tracking of small targets wexe
far too high to track large targets, with the result that the system
became unstable and oscillated while trying to maintain the desired range
and azimuth, Reducing the system gain eliminated this problem. However,
it meang that a tracking system will have to take expected target size
(and reflected signal strength) into account if optimum servo—gain values
are to be used. It may be possible to use automatic gain contrel on the
sinugoid function which provides the £final <correlation function.
However, the system bandwidth at the point of +this sinusoid is
congsiderably greater than the final system bandwidth; hence, the effects

of noise might prove to be too great.

LAGS IN TRACKING

Preliminary tracking tests showed that there were definite limits to
the speed with which the targets could be moved and still be tracked.
This was due to the delays introduced by the reflected signal, correlator

filters, and servo-systems. A successful controlling system will have to

R S S

/

[
«

P
L

e
’:'./

|

rery

’ ¥ o » » . b
SN P U S ’4 .l

PR R L
PR
PR i

2 1y

)
.
LRI R S

v e e e e gt ... _

e et Al S I A .

Pttt P R '
[SUEAEE LA T SN T N

R M S

r o
", T
s v
oy

b

¢

wm-g
.

v
T
)
-
.

AN
¥ v
el lalals]

2 s YTy

r

.

P
A MR AN
v .

[ M A

.......
v v

".‘lx! X

PP .

PR

T
o
. K

Y




take these factors into account. The factors affecting system reaction
time will be discussed further in Chapter Nine. However, one effect of
system tracking lag surfaced in a quite unexpected manner. It was noted
that if the target was moved with a velocity for which the tracking
system could not compensate, the transducer azimuth tracking seemed to
transition from negative feedback to positive feedback. That is, the
transducer azimuth angle seemed to diverge from =zerc azimuth and to
attempt to increase the angle of divergence. Upon closer examination of

the cross-correlation function, the reason becomes apparent.

Consider the hypothetical cross—correlation function shown in figure
8.3a. The cross—correlation function is idealized to a sinusoid of
period P. 2agssume that a target is located at a position where the
azimuth and range error signals are zero; that is, the target is located
in the center of the range gate. If the target is moved at a velocity
such that the azimuth and range correction servos cannot react fast
enough, the change in range will soon be such that the c¢ross-correlation
function will diverge due to the range changes due to the azimuth error.
This is illustrated in figures 8.3b. Should the range error continue to
increase, the situation depicted in figure 8.3c will occur, As can be
seen, the azimuth output reverses sign, and the correction voltages to

the azimuth servo will be in error.

The most obvious solution to this problem is to adjust the serve
gain such that the target is not allowed to have rangr errors exceeding,
say, plus/minus 40% of the correlation range gate, where the width of the
correlation range gate is half the distance that sound would travel in
air during a time interval equal to the time width of the

cross~correlation function.
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CORRELATION FUNCTIONS UNEQUAL,

F(R{) + F{R2) >0 CORRECT RANGE ERROR FUNCTION.
F(R1) - F(R2) >O CORRECT- AZIMUTH ERROR FUNCTION,

A
F(r2)

| F(rY)

I

I

L_FAR CIOAE, —
RANGE
ERROR.

F(R1) + F(R2) >0 CORRECT RANGE ERROR
F(R1) ~ F(R2) <O INCORRscT AZIMUTH ERROR FUNCTION
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8.5 A PROPOSED ALTERNATIVE TYPE II TRACKING SYSTEM

In the Type II tracking system described thus far, the expected
target range delay value is preset, and the tracking system provides
range and azimuth erroxs for a target located within certain 1limits of
the preset range delay value. While this type of arrangement is ideal
for robotic situations in which the transducers can be mounted on the
robot and error signals can drive the robot (and the transducers) to a
correct position, it would be unusable in situations where the target
range 1is able to change, but the transducers are fixed. 1In order tc
provide usable range information, the tracking system would have to vary

its delay time to match the target delay time.

One method of accomplishing this is to modify the Type II system in
the manner shown in figure 8.4. The modificat;ons to the existing system
are shown in the hashed lines. In the experimental Type I1 system, both
PRBS generators are set to zero upon command of the regset (RST) signal.
When the RST signal is removed, PRBS generator one feeds binary sequences
to the modulator and thence to the transmitter. PRBS generator two is
held in the zero state for an additional amount of time deterxmined by the
timing counter shown in the diagram. The time difference between the two
PRBS generators, 7y , remains fixed unless the system is reset and
another preset count is selected. The modifications allow the initial
delay 7§ to be preset as before. However, once both PRBS generators are
operating, the second PRBS generator is clocked by a
voltage—controlled-oscillator (VCO) whose frequency is adjusted to be
approximately equal that of the reference oscillator when fed a control
voltage of zero volts.' Targets deviating from the preset range will

cause a change in the correlator output voltage from its original zero
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point. These changes will in turn drive the VCO to a higher or lower
frequency relative to the reference oscillator. The relative delay, 73 ,
will then vary according to the amount of time that the VCO has been at a

different frequency than the reference oscillator.

The time difference between the two PRBS generators can be
determined by marking the times that identical states of each PRBS shift
register are reached. These states can be determined by appropriate
logic circuitry connected to each shift output (the all zero state
provides an ideal reference point). If two receiver/correlators are
available, the system will provide two independent range signals., These
signals can be added and subtracted as before to provide both range and

azimuth outputs.

This system is only a proposed system, and has not been built.
Therefore, there are mogt probably additional factors to consider.

However, the overall concept geems to merit further consideration.

8.6 SUMMARY

The Type II system was modified to incorporate an additional
receiver/correlatoxr, The output of this additional correlator was
combined with the output of the original correlator in such as manner as
to provide information opn both target range and azimuth. This was done
by using the sum of both correlator outputs for the range error signal,
and the difference of the correlator outputs for the azimuth error
signal. The range and azimuth signals were in +turn used to drive
servo-mechanisms which physically positioned the transducer module to
maintain minimum range and azimuth errors. The modified Type 11

correlation system is capable of tracking a wide range of targets
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including long wires of 0.05 cm diameter. The tracking system gain is a
function of target reflectivity, and thus requires adjustment to allow
for different target reflectivity functions. 1In a robotic system, these
adjustments c¢ould be accomplished through the use of previous knowledge

about the expected target, along with self-tuning controller mechanisms,

A further modification to the present experimental was proposed
which would allow a stationary set of transducers to provide tracking
information. This modification required that the PRBS generator used as
a correlator reference be driven from its own oscillator, the frequency
of which would be controlled by the correlator output. 1In such a system,
target range could be determined by measuring the time difference between
like states of the two PRBS generators. The circuitxry required to
determine +this time difference was discussed. 1If two correlator boards,
each fed by an independent receiver, are used, this system is also able
to provide azimuth information by determining the time difference between
the target range values provided by each correlator system. This

proposed modification has not been constructed and tested.
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CHAPTER NINE

FACTORS AFFECTING SYSTEM ACCURACY

|

Chapters Pour through Eight have detailed the theory and development of
an experimental pseudo~random signal cross—correlator which is capable of
providing target range and azimuth information in 1legss than ideal
conditions. The thrust of the research detailed in this thesis has been
directed towards the theory and development of an advanced noise and
clutter immune tracking system. Accuracy, as such, has not been
critically assessed, save for establishing that the system indeed was
able to identify and track targets located at appropriate ranges. The
system, when given information about target location, was indeed able to
locate the desired targets, even when these targets were buried in noise
and clutter. The tracking system was able to maintain transducer to
target distances which were stable to within 2mm. Further accuracy tests
were not made due to the fact that the ranging set-up would have had to
be modified in order to provide repeatable measurements to sub-millimeter

accuracies.

This chapter deals with factors which concern system accuracy and
lists methods which may enable the effects to be reduced. In addition,
it also comments on factors which will affect the control algorithms used

to track the selected targets,
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A recent study on the attainable accuracy of air-hased sound ranging
systems by PFox [17] utilized both a pulge echo system and also a phase
sengitive system, both operating in a relatively noise-free environment.
Pox has been able to attain absolute accuracies of less than plus/minus
0.04 cm, and an rms range error of 0.02 cm with the pulse echo system and
range errorxs of less than 0.00lcm with the phase measurement system. The
phase measuring system attains its accuracy by making many separaie
meagsurement: over periods of tens of seconds and averaging the results,
Since a tracking system will have to make continucus measurements in
oxder to provide timely tracking information, the accuracies attained by
the pulse-echo system seem to be the most realistic criteria for use as
a maximum accuracy <criteria for the cross-correlating system.
Therefore, in the subsequent anaiysis, factors which cause less than 0.04

cm variation will be considered to be not worth compensation.

The following sections will deal with accuracy factors which affect
the ranging performance of the experimental Typé II system discussed in
Chapters Six and Seven. In this system, a PRBS reference signal is
modulated by a carrier of 62.5 kHz and transmitted. The reflected
signals are demodulated by a carrier of 62.515 kHz and then
cross-correlated with two modified versions of the original PRBS. The
crosg-correlator cutputs are then multiplied to produce the resulting
correlator output which has the form of the ideal control gignal shown in
figure 4.56. Azimuth information is obtained by duplicating the
receiver/correlator gystems and using the difference in time-—of-flight
from the target to each receiver to provide the required correction

gignals.




o

P S SR PRV —
.

Page 9-3

In assessing the potential accuracy of the Type II gsystem, a
distinction must be made between two types of measurement which are
involved: time and distance. A correlation system measures time, and
this time measurement is used to obtain a measure of distance by
utilizing knowledge of the gspeed of sound in air. As will be seen, the
factors affecting time accuracy arxre easily controlled; factors affecting
the assessment of the speed of sound are more variable. As a result, any
final system calibration must used an absolute distance measure of some

sort.

9.1 ACCURACY FACTORS AFFECTING THE TYPE II SYSTEM ( INTERNAL TO SYSTEM)
OSCILLATOR STABILITY

The Type II svstem gains its estimates of target range by comparing
signal time-of-flight against an internal +time standard. The time
standard used is a crystal-controlled 1 MHz oscillator which has a
specified accuracy of 200 ppm over a temperature range of —-20 C to +70 C,
For target ranges of one meter or less, this frequency variation can be
converted to an approximate range variation of 0.2mm. This is at the
limit ¢ £ range accuracy specified at the beginning paragraphs of this
chapter. Further, the temperature variations encountered by any system
operating in a production environment would not be expected to undergo
such extreme temperature variations as those 1listed for the crystal
tolerance., Therefore, it seems reasonable to conclude that master
oscillator frequency variations are not considered to be great, enough to
require compensation. Should this be considered a factor, one method of
lessening the errors is to use a crystal with tighter tolerances, and

control the crystal temperature.

n

L&A PR B




[ o I

’

-
o

Page 9-4

OFFSET VOLTAGES

The post-correlation stages of the Type II system are the only
portions of the experimental set up which handle dc voltages. As such,
any dc voltage present at these stages which is not caused by the
cross-correlation function will introduce .exror into the final range
measurements, Offset voltages are on the order of 5 mv for the 351
series of op-amps used in the Type II system. This offset voltage cannot
be directly related to range deviations. This is because the amplitude
of the cross-correlation function for a given range deviation is a
function of the received signal amplitude. The received signal amplitude
ig, in turn, a function of target reflectivity. PFor instance, a given
target at a range R may produce a correlator output of amplitude A if
this range is in error by, say, lcm. BHowever, a different target at this
same range and which has twice the reflectivity might produce a
correlator output of 2A for the same range error. The constant offset
voltage of x millivolts would exist in both situations, but in each would
be a different percentage of the correlator output. Therefore, dc
offsets will introduce constant range error, but a range error which is
not easily calculated. The dc offset erxors can be reduced by careful
attention to dc offsets in the post-correlator stages. The system can
8till be calibrated to reduce the effects of dc offset errors by
measuring the range of a selected calibration standard and adjusting
offset adjustments sSo as to produce the required zero volt correlator

output.
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Page 9-5
9.2 ACCURACY FACTORS AFFECTING THE TYPE II SYSTEM, EXTERNAL TO SYSTEM

External factors may be subdivided into influences of the wave
conducting medium (air) on the velocity of sound, any motion of the air

itself, and the effects of target motion oa the system.

The velocity of sound in air is given in standard +texts (Howatson

[28]) as:

C =4/yRT (9.1)

where Y is the ratio of specific heats, R is the gas constant, and T is
the ambient temperature in degrees Kelvin. Using values of Y =1.4,
R=287.1 m%/s °K, and 293 for T at 20°C; the velocity of sound is
calculated to be 343.17 metres/sec. The change in the scund velocity
with respect to temperature at 20°C is approximately 0.59 metre/sec °C.
Since sgound velocity is a function of temperature, an accurate ranging
system must take into account changes in ambient temperature if accuracy
ig to be maintained., Assuming a target at a maximum range of 1 meter, as
before, a change in ambient temperature of 1°C (from 20°C) would produce
a change in time—of-flight of approximately 0.01 millisecond, for a range
error of approximately 1.7 mm, One method of compensating for this
problem would be to use temperature sensing to adjust the frequency of
the 1 MHz master oscillator. An increasing temperature would mean that
sound takes slightly less time to traverse a given distance, Thus, the
time-bagse of the system could be slightly decreased so as to compensate

for this reduced time.

el

o dne

SN

P . ’
" _
et LI

A Boew e .
'l"i '\J "!-D‘l . '

L T I B I I D
Y A




9.3 EFFECTS OF AIR CURRENTS

Any air movement between the transducers and targets will affect the
range value. For a target located at range r, air currents parallel to
the line between transducers and target will alternately increase and

decrease the apparent sound velocity, as is shown in eq. 9.2.

T, =2rc ﬁ_z_,g(i +3§_> (9.2)
cvwg C c*

where T.,r is the signal return time and Vy is the air velocity parallel
to the directioii of wave travel. For air currents at right angles to the
line between transducers and targets, the apparent sound velocity changes

as is shown in eq. 9.3.

Tow =204 /1-0r Z2r fy e (9.3)
cVITE Tl

where Vx is the air velocity perpendicular to the direction of wave

travel. The change in travel time as a function of each current is:

DTy =2r (yyf) (9.4)
3 C CZ
and
AT;x =—£—:<\_}2S-.2 (9.5)
c\ ¢

for air motion in the y and x directions, respectively. For targets at a
range of one metre, using a sound velocity of 343 metre/sec (at 20°C),

the changes in travel time for currents of 1 metre/sec are, respectively:

AT‘-U 2 50 nsec (9.6)
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These time changes can be equated to apparant range changes of
approximately 0.15 mm and 0.008 mm, respectively. These values are lower
than the accuracy 1limits set at +the beginning of this chapter.
Therefore, air currents of velocities of 1 metre/sec or lower will causz
deviations in apparent range which are less than the minimum deviation

discernikle, and can be safely ignored.

9.4 EFFECTS OF TARGET MOTION ( DOPPLER EFFECTS)

If a target is moving with respect to the transducers, the time of
travel of a signal from transducers to target and return is unchanged,
but the frequency of the returned signal will be changed by a <factor
which 1is proportional +to +the speed of the target with respect to the

transducers. The expression for the change in frequency is [64]:

£ =51+ %) (9.8)
(1'v9/c '

where £ is the original frequency and £, is the Doppler shifted

frequency. If Vy<LC, eq 9.8 can be simplified to:
fa =2 £ (2v) (9.9)
C

where f& is difference in frequency between transmitted and received
signals. In oxder to understand the effects of Dopper shift on the PRBS

system a quick reiterafion of the basic operation of the Type 1II gsystem

is 3 tem, as described in Chapter Seven, uses a reference
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and
ey
ATix = 25 n sec. i (9.7)
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PRBS signal to modulate a carrier at 62.5 kHz. Pollowing transmission
and reflection from the target(s), the received signals are demodulated
by an asynchronous carrier (62.515 kHZ). The demodulated signals are
then fed +to twc cross—correlation gystems, each one being fed by a
changed and delayed version of the reference PRBS. The cross-correlation
functions emerging from these two correlators are sinusoids having a
frequency of 15 Hz (the difference frequency of the transmitting carriexr
and demodulating carrier), The amplitude of each sinusoid is a function
of the deviation of target delay time from the expected delay time.
These two sinusoids are combined in oxder to yield a dc cross—-correlation

function resembling the ideal function shown in figure 4.6.

If the above system parameters arxe used eq 9.9 indicates that a 1 Hz
difference frequency will be produced by a target motion of approximately
2.74 mm/sec. Since the post—correlator bandpass filters have a cutoff
frequency of approximately 30 Hz, this means that a total frequency
deviation of plus/minus 15 Hz from the expected 15 Hz can be tolerated.
This yields a maximum allowed target velocity (Vy) of approximately 4.11
cm/sec, If higher velocities are expected, the 15 Hz difference
frequency can ﬁe raised along with the low—pass filter cutoff frequency.
Note that with the system as designed, the actual frequency of the
post-correlation sinusoid does not affect the final correlator output.
That is, the correlation output will still show a null when the target
passes through the expected distance. However, the target velocity could
be calculated separately by using any number of frequency measuring
techniques. This independence of range and range rate signals is a
useful feature of this type of ranging system. The Doppler shift of the
cross—-correlation sinusoids can be used directly to provide information‘
concerning small target velocities. 1If a frequency analysis 9gystem (as

described in Chapter Three, gection 3.5) is added to the correlator
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board, the output of the £requency comparator would be a dc signal
proportional to target velocity. Of course, the accuracy of this system
would be degraded for large velocities since the output function would be
linear only for velocities close to zero. However, it could provide
valuable informaticn to the tracking controller, and have the effect of
making less probable the tracking azimuth errors which can be introduced
by targets moving towards the limits of the correlation range gate (see
Chapter Eight).

A much more rigorous analysis of the effects of target motion on

-

random sSignal correlating systems is given by Gassner [22]; however, he

also concludes that the range and range rate functions of a

cross—correlating system are independent.

9.5 FACTORS AFFECTING TARGET TRACKING

The Type II cross—correlation system, as designed, will produce two
final output signals. One signal is an errxor signal relating the
deviation in expected distance of target to the relative distance
obtained through correlation. The other signal is the target deviation
in azimuth obtained through comparison of twc separate relative range
signals. As mentioned in Chapter Eight dealing with a pximitive tracking
system, no efforts have been made optimize the control system, as this
was not the goal of this thesis, However, there are delay factors
introduced by the Type 1I system which must be attended to if an optimum
control system is to be devised. These delay factors are: range delay,
filter delays, and sexrvo delays. Since servo delays are considered to be
in the realm of the controller, they will not be discussed. 1In addition,
servo delay problems would be avoided in the proposed altérnative

tracking system,
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RANGE DELAY

If the system is assumed to be successfully tracking a stationary
target at range r, any knowledge of change in target range will be

delayed by a factor of:

(9.10)

where this delay is due to the amount of time required for a signal to
travel from the target to the receiving transducers. Further, this delay
time is obviously variable. This must be <taken into account by the
hardware (or software) which determines the speed of response to any

change in target range or azimuth.

FILTER DELAY

Pollowing reception of a signal indicating altered target range, the
received signal passes through many filter stages. Each stage will
introduce a time lag which is normally taken to be the inverse of its
bandwidth. Since the final low-pass filter hag, by a large margin, the
lowest bandwidth, this filter lag determines the overall correlator
system 1lag. If the system response proves to be too slow, the intuitive
solution is to increase the bandpass of these final filterg. However,
the Dbandwidth of these filters also determines +the maximum
signal—-to-noise ratio enhancement attainable by the correlating system
(Chapter Four). There is a thus a trade—off between the filter's ability
to respond to a rapid target range change, and its ability to reject

external noise.
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9.6 SUMMARY

Even though previous chapters have described an experimental
correlation system capable of <tracking targets located in noise and
clutter, only a small amount of attention has been paid factors affecting
system accuracy. These factors include internal considerations as
ogcillator stability and voltage offgetg. Oscillator stability should,
in theory, be sufficient to allow measurements to the limit established
for ranging systems acting in real time: 0.4 mm {[22]. Voltage offsets
will introduce variable errors which are not directly known due to
target/corxelator output interraction. However, calibration of the
system using known distances will provide a means of reducing voltage

offgset errors.

External factors affecting the time—of-flight of target information
include air temperature and currents, Temperature compensation is easily
included into the system. Air currents of any reasonable amount should

not affect the limiting accuracy.

The correlation system is capable of separately resolving distance
and range velocity information. 23 such, the experimental correlation
system is, in theory, capable of providing both range and range rate
information to the controiler. A relatively simple addition of a
frequency comparison system as used in Chapter Four will allow the Type
II correlation system co provide target velocity (range rave) information

as well as range and azimuth error information.
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CHAPTER 10

CONCLUSIONS AND RECOMMENDATIONS

"he problem stated in Chapter One of this thesis was to develop and
test an ultrasonic ranging system capable of tracking targets located in
noise and clutter. During the course of research, three systems werxe
developed and tested: A Frequency Modulated, Continuous Wave (FMCW)
tracking system, a basic correlation system using pseudo-randomt binary
sequences (PRBS) as the rcference signal (the Type I system), and a
carrier correlation system using asynchronous demodulation and
cross—correlation with time-shift modulated versions of the reference
signal (the Type II system)}. The overzll results can be summyrized as

follows:

JO.1 FMCW TRACKING SYSTEM

The FMCW tracking system covered in Chapters Two and Three offers
great potential lor gsignal-to—noigse ratio (SNR) enhancement. Pyrther, it
is easily modifieu to provide single target tracking. It has beeén shown
that, whilc this system is inherently limited in its ultimate abkility to
enhance SNR, the improvements afforded by the tracking system allowed an
experimental system to provide tracking information where an ynmodified
FMCW system could not.: The system tracked targets with receiver SNR

values of approximately -26dB, although the range signal was still
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m&asurably degraded by noise.

10,2 TYPE I CORRELATION SYSTEM

The first PRBS correlation system to be conastructed, the Type I
gystenm, used techniques which are presently widely used in
Non-Destructive Testing (NDT) systems: Cross—correlation of a PRBS
gignal with either itself or a phase-modulated version of itself. Unlike
NDT gsystems, both phase-modulation and time-shift modulation were
utilized in an effort to provide a modified correlation function capable
of being used by a controller as well as shifting the PRBS spectrum to an
area more efficiently usable by the transducers. This system did provide
correlation information, but it was not the theoretical control function
vhich was desired., However, the results were virtually identical to
those obtained by other users of this type of system. The cause was the
link between signal bandwidth and transducer center frequency. The
higher the frequency, the higher the bandwidth. In all non-carrier
Systems surveyed, and in the experimental Type I system tested, the
resulting signal bandwidth was beyond the transducer capability. The
addition of equalization gystems designed to increase transducer
bandwidth showed that this method did produce workable cross—correlation
functions in some cases; however, the results were dependent on
transducer frequ-ncy response, which varied from unit to unit and changed
in any one unit over time. Thus, this method of correlation was judged

to be not worthy of further development.
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10.3 TYPE I1 CORRELATION SYSTEM

The Type 1I correlation system uses modulation techniques to raise the
PRBS gspectrum to an area more efficiently usable by the transducers. The
received signal 1is c¢ross—-correlated with two time-shift modulated
versions of the delayed PRBS. The first prototype of the Type II system
provided cross-—correlation functions which were almost exactly as that

described by theory.

The Type II correlation system described in Chapters Six and Seven
proved to be successful in operating in extremely noisy environments,
attaining and tracking targets in the presence of clutter, and providing

real—-time target range and azimuth information. The final system

utilizes the following features:

1. PRBS used for the reference gignal to be modulated and

transmitted

2. Doukle sideband modulation and asynchronous demodulation used

for the transmitter and receiver.

3. The received signal is cross—-correlated with two modified
versions of the reference PRSS, and the final cross—coxrelation

output is a functicn of these two cross—correlated signals.

4. PRBS modification 18 accomplished through time-shift modulation.
Time-ghift modulation is <capable of providing altered
correlation functions which are extremely useful in systems

which uge the correlator output for control purposes.
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Dual receiver/correlator systems, coupled with sum/difference
circuitry and associated servos provided the system with target
range and azimuth tracking capability. The feedback system used
the correlator outputs as control inputs, with no further signal

Processing needed.

10.4 RECOMMENDATIONS

Given that the Type II correlation system is one which deserves

further development, the following are suggestions for future research:

Construction and testing of +the alternative +tracking system
desoribed in the last portion of Chapter Eight. This
alternative system used the correlation output to wvary the
frequency of the second, or delayed PRBS clock, thereby varying
the relative delay between it and the reference PRBS. This
system would allow target tracking using stationary transducers.
The revised system will in all probably require digital control

in order to fully realize its potential.

Implementation of a Doppler shift measuring system, aAs
mentioned in Chapter Nine, the component of target motion normal
to the transducer plane will produce frequency shifts in the
correlation sinusocid. It is possible to construct a frequency
comparison network similar to that described in Chapter Three
which would provide a dc signal which would be proportional to
the target velocity (for small velocities). This would add

another degree of information for the target tracking
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controller. This modification will probably require that the
difference frequency between transmitting and receiving carriers
will have to be increased. This will require only minor
modifications on the Type II system divider/frequency synthesis
board (board 2).The Doppler shift output will, of necessity, be
more succeptible éo noise effects due to the fact that it is
operating in a pcriioin of the correlating system which bhas a
higher bandwidth than the final filters. It may be possible to

overcome this problem through judicious design.

Changing the system carrier frequency to make use of the newer
transducers which are capable of operating in air at very high
frequencies, Fox [17] describes a 1MHz air-based transducer
capable of operating in the pulse—echo mode over distances of 40
cm. The PRBS correlator system should, in theory, be able to
operate over even greater ranges due to its enhanced SNR. A 1
MHZ system should be able to resolve extremely small targets
(the one described by Fox has a bandwidth of 80 kHZ. This
revised system might be capable of providing the extremely fine
positional information required in some robotics applications,
and do it as a much lower cost than vision systems. However, it
must be remembered that higher operating frequencies will
produce larger Doppler shifts, which will in turn require higher

bandwidths in order to handle the Doppler frequencies.
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10.5 CONCLUSION

TMCY¥ and PRBS systems are indeed capable of providing increased SNR
enhancement ovar basic pulse—-echo systems due to their higher duty cycle
and ability to apply advanced filtering techniques. Both systems are
capable of being modified to provide ranging systems capable of active

tracking of targets which are buried in noise and clutter.

The PRRS system offers the most potential for noise-immune tracking
due Fo the fact that the final system has broken the link between system
bandwidth and operating frequency. As such, the builder hae control over
these critical variables. The Type I1 PRB3 system as described in this
thesis is extremely versztile and capable of extensive development., It
has the capability to provide relatively inexpensive, accurate ranging
information in the high-noise and clutter working environments often

found in robotics applications.
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APPENDIX A

FMCW TRACKING SYSTEM

This appendix contains the schematic diagrams and photos for the
PMCW tracking system described in Chapter Three. The FMCW system is
constructed on two separate chasgis; one contains the VCO, transmitter,
receiver, and demodulating circuitry, the other contains the frequency
comparason, control, and range Counting circuitry. The transducers are
in a separate module, ?age A2 contains the schematics for the voltage
controlled oscillator (VCO), transmitter, receaver, 200 volt bias supply,
frequency changer (mixer), and low-pasas filter. A3 contains the
schematics for the frequency comparison and automatic volume control
section, A4 contains schematics for the proportional plus integral
control, and ramp generator. AS contains schematics for the digital
interface and counting circuitry. Pages A6 and A7 contain photographs of
the transmitter/receiver/demoduylator chassis, control chassis, and
transducer module. A bilock 2iagram for the complete FMCW tracking system

is contained in Chapter Three,
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FMCW TRACKING SYSTEM - MAIN CHASSIS UNITS (FRONT VIEW)
CONTROL/COUNTER CHASSIS (LEFT)
TRANSMITTER/RECEIVER/DEMODULATOR CHASSIS (RIGHT)

PMCW TRACKING SYSTEM -  MAIN CHASSIS UNITS (REAR VIEW)
CONTROL/COUNTER CHAS3IS (LEFT)
TRANSMITTER/RECEIVER/DEMODULATOR CHASSIS (RIGHT) -
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APPENDIX B

PRBS CORRELATION SYSTEM

This appendix contains schematics of the experimental pseudo-random
binary sequence (PRBS) Correlation systems described in Chapter Five
(Type 1 system) and Chapter Seven (Type II system). These systems are
congstructed in modules. The circuit board module consists of two plug in
circuit boards for the Type I system, and four plug-in circuit boards for
the Type 1II system, The ciicuit boards contain PRBS generation,
modulation, transmitting, receiving, demodulating and cross-correlating
circuitry, In addition to the plug-in circuit ©boards, the
transmitter/200 volt bias, and receiver circuits are contained in
separate modular chassis. As in the FMCW system, the transducer modules
are also separate. The Type 1 correlation system uses the same
transducer modules as did the FMCW system. The Type 11 system uses the
Type I transducer modules for the cross-correlation tests, and different
transducer modules for the tracking tests. The modified transducer
modules were required due to the necessity of adding another receiving
transducer. All circuitry is identical, except for the addition of
another receiving transducer and its associated circuitry. Also included
in this appenaiz are the schematics for the interface circuitry needed to

drive the ac servo which contrels transducer range.
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Page B3 contains the schematics for the master oscillator/ ERBS
generator/phase and time-shift modulation systems., This board is used on
both the Type I and Type Il systems. Page B4 qontains the delayed
PRBS/Correlator board for +the Type I system. Page B5 contains the
divider/frequency synthesis, time-shift modulation circuitry for the Type
£I system, Pages B6 and B7 contain the demodulator/correlator/ranging
circuitry for the Tvpe II system. As noted previously, only one of the
two boards built from the schematics shown contains the range and azaimuth
error circuitry. Page B8 has schematics for the transmit, receive,
transducer, and 200 volt bias modules., Page B9 coﬁtains the schematic

fcr the range serxrvo driver.

Pages B10, Bll, and Bl2 contain photographg of the completed system

as used in the correlation tests.
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APPENDIX C

P
A%y

CROSS-CORRELATION FUNCTIONS

TYPE I SYSTEM

This appendix contains the cross-correlation functions obtained from
the Type I system as described in Chapter Five. Each page contains the
functions obtained froir one set of <transducers. The cross-correlation
functions for two types of modulation are shown: phase-shift and
time—-shift modulation, with the phase shift modulation function occuring
first in each trace, The first graph shows the basic cross~correlation
function. The succeeding three graphs show how the function is modified
by the addition of successive gstages of 20 dB/octave equalization
starting at roughly 20 kHz., The phase—-shi’t range delay was set to
approximately 26 om, and the time—-shift range delay was set ¢to
approximately 31 om. As the target moved past the phase-shift
correlation points, the modulation selector was moved to the time—-shift
position. Thus, both cross-correlation functions were obtained on one
chart recorder run. The chart recorder was then reset, and the x-axis
offset wag changed so as to provide a different plot. The receiving
equalizer was changed, and the next cross—correlation run was
accomplished. Six sets of cross—correlation results are shown. Each set
is obtained from one vair of transducers (either Oxford or Polaroid),

Oxford transducers are manufactured in the Department of Engineering
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Science at Oxford University (see text in Chapter Three). The Polaroid
transducers were purchased from a London supplier and are used only in

the PRBS system tests,

Appendix & contains further information on the transducer £requency
responses, along with a list of the pairs of transducers which compriges

each group.
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APPENDIX D

CARRIER CORRELATION SYSTEM

CROSS~CORRELATION FUNCTIONS

The crogs-—correlation functiong shown on the following pages of this
appendix are obtained from the carrier correlation system described in
Chapter Seven. This systen is termed a Type II system. The system was
get up as done for the Type I system correlation tests.
Cross—correlation range was preset tc approximately 32 cm for these :1.ns.
Page D2 contains the cross—-corrxelation functions for four sets of
transducers, and page D3 contains the crogs—correlation functions for the
remaining three sets of transducers. Correlation runs two through seven
are for the same sets of transducers used in Appendix C. Correlation run
number one 1is for a set of modified Oxford transducers which were not
used in the Appendix C tests. The modification was a revised backing
plate having Qifferent ridge spacinés. This was an unsuccessful attempt

to produce a wider bandwidth transducer.

Appendix E contains further information on transducer frequency

response and the transdaucer pairs used in each group.
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APPENDIX E

TRANSDUCER FREQUENCY RESPONSE TESTS

~

This appendix contains the results of the frequency response xruns
which were taken for sets of transmitting/receiving transducers. The

basic test set-up is shown in figure E1.

The frequency response tests were done as follows. A voltage
centrolled oscillator was adjusted to oscillate between approximately 100
Hz and 100 kHz. The VCO frequency was controlled by a ramping generator.
The ramping generator output was also fed to the x-axis of the chart
recorder. A higher ramp voltage causes a higher frequency VCO output and
also causes the chart recorder x position to increase. The VCO output
was fed to the transmittor stages of the Type II system. A 19.5 mm disc
was used as a stationary target located at 26 cm from the transducer
module. The echo signal was passed through the Type II system redteirer,
and then sent to a precision rectifier circuit whose schematic is shcwn
in figure E2. The output of this rectifiexr was then fed to the y-axis of
the chart recorder. The frequency response plots shown on pages ES
through E11. The experimental group noted on each response chart is the

game as for the groups listed in Appendices C and D.
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These frequency response plots represent the Type I and Type 1II
System transmit,/veceive frequency responses. Tests on the associated
transmitting and receiving circuitry show that the circuit response is
egsentially flat from approximately 20 kHz to weli over 100 kHz.

Occasionally, the frequency response plots contain two separate
amplitude functions. This was done.if the transducer output was judged

to be unusually low. The additional response plot was done with the

chart recorder sensitivity at a higher setting.

The frequency response were done for seven sets of transducers:
five pairs of Oxford Transducers and two pairs of Folariod transducers.
The first response test on Oxford transducers (experimental group 1) was
run on a set of modified transducers. The modification consisted of
altering the ridge spacing on the backing plate from the 0.51mm described
in Chapter Three to three sets of spacings: 0.2%, 0.5, and 0.75 mm,
gtarting with the narrowest ridges at the outer edge of the backing
plate. The £frequency response was widened slightly. and the single

response peak was change to two closely spaced peaks. However, the

"bandwidth improvement was not judged sufficient to justify the labour

involved in further modifications, and the modifications were stopped.
This modified sget of +transducers was used on the Type II

cross—correlation tests, but was not used on the Type I tests.

The remaining Oxford transducers (experimental grcups 2 through 5)
were taken from two bhatches: one batch contained transducers which had
easily passed the production test requirements, and one batch which had
barely passed these requirements, The transducer number of those coming
from first batch is preceeded by & +, and the transducer number of those

coming from tne second batch is preceeded by a -.
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The Polariod transducers (experimental group 6 and 7) were obtained
after completion of the FMCW tests., Two sets were obtained, and one set
is approximately six months older than <the other. The polariod

transducers are labelled accordingly in Table E1.

TRANSDUCER PAIRS TESTED EXPERIMENTAL GROUP

(transmit, receive)

Oxford E1, Oxford E2 l
Oxford +1, Oxford +4 2
Oxfoxrd +2, oxford +3 3
Oxford -1, Oxford -4 4
Oxford -2, Oxford -3 5
Polaroid 1 (old), Polaroid 2 (old) 6
Polaroid 3 (new), Polaroid 4 (news 7

TABLE E1 ELECTROSTATIC TRANSDUCER PAIRS TESTED
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